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FOREWORD 


the  following  report  constitutes  Part  1 of  the 
f irial  ‘ report  of  an  investigation  of  infrared  sensitive 
photocathodes  covering  the  period  January  1,  1951  to 
December  31,  1952.  This  period  is  that  in  which 
experimental  work  was  conducted.  During  a part  of 
this  period  Robert  0,  Leach  was  employed  part  time, 
especially  in  connection  with  the  work  described  in 
Section  4.3. 
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PHOTOEMTSSIVE  SURFACES 


1.  INTRODUCTION 

An  Initial  step  in  the  preparation  of  the  infrared- 
sensitive  Ag-O-Cs  pnotocathode  involves  the  oxidation  of 
silver.  The  present .report  deals  with  the  oxidation  of 
silver  by  methods  need  in  photocathode  preparation  and  by 
related  methods  which  contribute  to  an  understanding  of 
the  processes  and  products  which  are  involved.  The  silver- 
oxidation  process  constitutes,  however,  only  one  step  in 
a more  general  study  of  the  preparation  and  properties 
of  Ag-O-Ca  photocathodes.  In  order  to  place  the  present 
report  in  its  proper  perspective,  it  seems  desirable  to 
describe  briefly  the  over-all  objectives  of  the  general 
Investigation  and  the  manner  in  which  the  experiments 
developed.  This,  together  with  a discussion  of  report 
organisation,  constitutes  the  remainder  of  the  introduction. 

Even  before  the  investigation  of  infrared-sensitive 
photocathodes  was  begun  two  aspects  to  the  problem  were 
recognised.  The  first  of  these  arises  because  the 
chemical  constitution  and  properties  of  the  substances 
which  might  be  encountered  were  not  well  established. 

For  example,  an  oxidation  process  in  which  silver  is  made 
the  cathode  in  a glow  discharge  through  oxygen  is  a 
somewhat  unusual  one.  There  is  no  assurancG  that  the  most 
common  oxide  of  silver,  Ag20,  will  be  produced.  Other 
oxides,  perhaps  not  previously  known,  might  well  be  {and 
are)  formed.  Moreover,  the  chemistry  of  cesium  compounds 
has  not  been  extensively  studied,  although  several  oxides 
were  known  to  exist.  These  deficiencies  in  chemical 
knowledge  required  some  auxiliary  studies  on  systems  in 
bulk,  in  contrast  to  the  photocathode  investigation  whieh 
involves  thin  films.  The  second  aspect  to  the  problem 
involves  the  study  of  the  preparation  ar.d  properties  of 
the  photocathode  Itself.  Despite  the  apparent  simplicity 
of  the  process  it  is  found  in  practice  that  the 
preparation  of  infrared- sensitive  phetoeathodas  is  not 
easy.  Reproducibility  may  be  poor  even  when  rather 
careful  control  is  apparently  exercised  at  each  stage. 
Spectral  sensitivities  reported  in  the  literature  by  . 
different  investigators  may  differ  greatly  and,  even 
within  the  same  laboratory,  large  and  unpredictable 
differences  are  encountered  without  recognisable  reason.' 
Much  evidence  exists  that  concealed  variables  operate 
which  are  uncontrolled  because  the  chemical  and  physical 


natur#  of  the  basic  processes  are  not  understood.  In 
order  to  remedy  this  situation  a easeful  step-by-step 
investigation  of  the  preparation  of  photocathodes 
seemed  called  for*  It  is  also  important  to  identify 
the  solid  phases  in  the  cathode  and  to  determine  its 
chemical  composition*  Such  a program  has  been  carried 
through  and  has  met  with  a considerable  measure  of 
success,  especially  during  the  last  year  of  experimental 
investigation. 

The  investigation  of  the  preparation,  composition 
and  properties  of  the  photocathode  is  described  in 
two  reports.  This  is  the  first  and  deals  with  the 
oxidation  of  silver.  The  second  deals  with  the 
development  of  infrared  sensitivity  during  the  addition 
of  cesium  and  also  with  the  composition  of  the  final 
cathode. 

Another  group  of  two  reports  deal,  respectively, 
with  the  crystal  structures  of  two  oxiaes  of  cesium, 

C82O  and  CsoO.  We  wish  to  acknowledge  here  a grant  from 
the  University  Committee  for  Allocation  of  Research 
Foundation  Grants  which  enabled  Dr.  Khi-Ruey  Teal  to 
carry  out  a portion  of  the  work  reported  by  him 
on  oxides  of  cesium.  In  the  case  of  both  oxides  the 
structures  have  been  established  and  the  atomic  positions 
determined  with  considerable  accuracy.  Much  useful 
information  concerning  their  preparation  and  chemieal 
properties  has  also  been  collected. 

The  nature  of  the  reports  in  the  two  groups  is 
quite  different.  Crystal  structure  determination  lends 
itself  to  brevity  of  reporting:  while  the  photocathode 
investigation,  because  of  its  complexity,  does  not.  It 
seems  essential  to  report  the  experimental  investigations 
on  photocathodes  in  considerable  detail.  Moreover, 
general  conclusions  usually  can  not  be  trusted  unless 
(1)  reproducibility  is  established  and  (2)  all  of  the 
established  facts  can  be  fitted  into  the  general 
framework.  Item  (2)  involves  reconsideration  of  a number 
of  early  experiments  which  were  described  in  progress 
reports  but  which  were  not  well  understood  at  the  time  and 
which  were  sometimes  Interpreted  incorrectly.  This  leads 
to  a detailed  and  bulky  report.  The  alternative,  which 
involves  abstracting  a' few  of  the  more  significant 
results  with  a few  illustrative  examples,  was  considered 
and  rejected  as  being  much  less  satisfactory.  In  order, 
however,  to  avoid  becoming  lost  in  a mass  of  detail  it 
seems  desirable,  In  the  introduction 3 to  summarise  a few 
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of  the  important  results  and  to  discuss  the  chronology 
of  the  experimental  work.  This  serves  as  an  introduction 
to  the  present  report  (Part  I)  and  to  the  next  report 
(Part  II).  These  two  reports  are,  in  fact,  closely 
related.  Both  deal  with  the  preparation  and  properties 
of  photocathodes.  Bmphasis  is  on  silver  oxidation  in, 
Part  I,  and  on  the  chemical  and  physical  changes 
accompanying  cesium  addition  in  Part  II. 


1.1  Chronological  Development 
of  Experimental  Work 

The  oxidation  of  silver  was  one  of  the  first  steps 
to  be  studied  in  the  present  program.  The  products  of 
oxidation  of  silver  wires  by  means  of  osone  and  also  by 
radiofrequency  (rf)  glow  discharge  were  investigated  by- 
x-ray  and  electron  diffraction.  It  was  established  that 
both  Ag2^  and  another  oxide  were  formed  in  two  layers, 
Ag20  being  adjacent  to  silver  and  the  other  oxide  being 
in  the  ot^ter  layer.  In  the  absence  of  detailed 
information  concerning  the  structure  and  composition  of 
the  second  oxide,  it  has  been  designated  as  the  ^ 
phase  oxide.  Preferred  crystal  orientation  in  evaporated 
silver  films  was  also  studied  and  was  found  to  be  absent 
when  silver  was  deposited  on  glass  but  was  present  When 
silver  was  deposited  on  a rocksalt  substrate.  On 
oxidation  no  oreferred  orientation  in  the  oxide  was  found 
in  either  case-  These  results  have  been  discussed  in 
another  report  *L>.  It  was  also  established  by  x-ray 
studies  that  cesi^ma  formed  no  alloy  with  silver,  nor  was 
it  soluble  to  any  significant  extent  in  solid  silver;,  ! 
Moreover,  an  x-ray  study  of  the  products  obtained  on 
adding  cesium  to  Ag^O  showed  that  at  temperatures  below 
65°C  a protective  film  of  a higher  cesium  oxide,  perhaps 
®s2°3»  which  prevented  further  reduction  of  AgoO. 

At  higher  temperatures  the  reaction  rate  increased  and 
lower  oxides  were  formed,  apparently  tending  toward  the 
ohase, equilibrium  to  be  expected  for  the  cesium-to-oxygen 
atomic  ratio  of  the  sample.  The  final  reduction  product 
of  AggO  was  metallic  silver.  No  evidence  was  found  for 
any  compound  which  involved  silver  as  well  as  cesium  and 
oxygen,  although  a solid  solution  of  a small  amount  of 
silver  in  C32O  or  other  cesium  oxides  could  not  be 
excluded. 

At  the  beginning  of  the  present  contract,  therefore, 
it  was  the  general  conclusion  that  the  silver  oxides 
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functioned  chiefly  as  a source  of  oxy yen  which  combined 
with  cesium  as  the  latter  was  added,  "Since  preferred 
orientation  was  destroyed  on  oxidation  and  since  oxygen 
was  removed  from  silver  bv  combination  with  cesium,  there 
was  no  obvious  reason  why  the  silver-oxidation  should 
excercise  much  influence  on  the  finished  photocathode 
as  long  as  enough  oxygen  was  taken  up.  On  the  basis  of 
this  tentative  [and  false)  hypothesis,  attention  was 
therefore  turned  toward  the  next  objective,  namely, 
the  determination  of  cathode  composition  and  the  identi- 
fication of  solid  phases  in  the  finished  cathode. 

Several  photocathodes  were  prepared  in  order  to 
develop  the  technique.  Both  semitransparent  cathodes 
and  "massive”  silver  cathodes  (using  silver  sheet  as  the 
base)  were  prepared.  In  these  experiments  there  was  a 
noticeable  tendency  for  the  massive  cathodes  to  have 
much  higher  infrared  sensitivity  than  the  semitransparent 
cathodes.  It  became  clear  that,  we  could  not  rely  on  the 
Instructions  which  aooenred  in  the  literature  for  the 
preparation  of  infrared-sensitive  cathodes.  Some  rather 
crude  exploratory  experiments  on  the  effect  of  excess 
cesium  on  massive  cathodes  were  therefore  conducted  in 
order  to  provide  the  basis  for  further  development  of 
the  technique.  A search  for  the  source  of  trouble  in 
semitransparent  cathodes  was  also  begun.  One  difficulty 
which  was  encountered  lay  in  oxidizing  a thin  silver  film 
of  initial  white  light  transmission  of  50#  to  90# 
transmission.  Hence  for  the  second  time  attention  was 
turned  to  the  study  of  the  silver  oxidation.  It  was 
thought  that  the  relative  proportions  of  Ag20  and  'f 
phase  mentioned  previously,  might  constitute  an 
uncontrolled  variable.  Detection  of  these  two  solids 
in  a thin  film  such  as  that  encountered  in  a semitransoarent. 
cathode  is,  however,  a difficult  undertaking.  The  use  of 
x-ray  diffraction  did  not,  at  first,  seem  hopeful  since 
even  long  exposures  to  x-rays  incident  perpendicular  to 
the  film  gave  only  a few  weak  lines  mostly  due  to  silver. 

The  weakness  of  the  x-ray  lines  arises  because  o.f  the 
very  small  cruantity  of  material  in  the  x-ray  beam.  The 
feasibility  of  x-ray  methods  was  only  established  when 
it  became  evident  that  even  in  a semit.-rpnsparent  cathode 
a considerable  total  quantity  of  oxide  was  formed  although 
the  amount  oer  unit  area  was  small.  If  large  enough 
crystals  were  formed,  then  by  scraping  material  from  a 
large  area  and  loading  it  into  a thin-walled  capillary, 
an  ideal  powder  sample  could  be  obtained  for  x-ray 
diffraction.  This  offered  manv  advantages  over  either 
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electron  diffraction  or  grazing  incidence  x-ray 
diffraction.  The  x-ray  study  of  oxidized  silver 
films  by  this  method  has  been  very  successful  and  has 
constituted  the  proving  ground  for  this  method,  whieh 
was  later  used  with  good  success  in  studying  the 
finished  photo cathode. 

In  the  x-ray  diffraction  investigation,  silver 
films  of  graded  thickness  were  studied  in  order  to 
obtain  the  effect  of  varying  thickness  within  the  same 
film.  Oxidation  by  ozone,  rf  glow  discharge,  and  dc 
glow  discharge  were  all  studied.  Films  oxidized  to 
90$  transmission  in  ozone  were  found  to  contain 
residual  silver  in  considerable  proportion  while  a film 
oxidized  extensively  in  an  rf  discharge  was  found  to 
contain  no  residual  silver  and  to  have  less  than  90$ 
transmission.  This  suggested  that  light  transmission 
goes  through  a maximum  as  oxidation  proceeds  and  this 
was  established  in  several  experiments  with  a dc  ylow 
discharge.  Semitransparent  photocathodes  still  proved 
inferior  to  massive  cathodes,  however,  even  with  a bettor 
controlled  oxidation. 

It  was  decided  at  this  point  that  the  cesium 
addition  step  reouired  better  control,  so  a study  of  the 
development  of  thermionic  emission  and  photoelectric 
sensitivity  of  massive  cathode  tubes  was  undertaken 
using  fine  capillaries  to  control  the  rate  of  addition 
of  cesium  and  a system  of  light  filters  to  follow  the 
photosensitivities  during  cesium  addition  at  190°C.  Thi3 
system  was  perfected  to  such  a degree  that  both  the  amount 
of  cesium  and  oxygen  present  could  be  accurately  measured, 
and  much  valuable  information  was  obtained  concerning  the 
effect  of  process  variables  and  also  considerable 
information  concerning  the  mechanism  of  reaction.  One 
interesting  conclusion  is  that  the  reaction  of  cesium 
with  silver  oxide  in  the  photocathode  is  slow.  *ven  with 
the  finest  capillary  which  was  used  the  reaction  with  the 
cathode  was  the  rate  determining  step.  The  results 
strongly  suggest  a diffusion  controlled  solid  state 
reaction.  This  in  turn  implies  that  crystals  occur  in 
the  cathode  whose  sizes  are  sufficient  to  permit  the 
accumulation  of  an  intermediate  layer  of  such  thickness 
that  diffusion  through  the  layer  is  slow  compared  to  the 
rate  of  addition  of  cesium.  This  agrees  well  with  x-ray 
diffraction  studies  on  both  the  oxidized  silver  films 
and  on  the  finished  cathode.  The  results  of  this  study 
are  described  in  the  second  report.  (Fart  II  of  this 
series) . 


At  the  same  time,  in  order  not  to  further  delay 
the  composition  study  it  was  decided  to  carry  out  the 
investigation  using  a radioactive  cesium  tracer  on  a 
massive  cathode,  prepared,  however,  by  evaporating  & 
thick  silver  film  on  glass.  As  this  study  developed 
it  became  desirable  also  to  limit  cesium  flow  by  a 
fine  capillary,  and  to  follow  the  development  of  photo- 
sensitivity with  light  filters.  Much  additional 
information  was  obtained  in  this  way.  In  fact,  the 
two  lines  of  investigation  complemented  each  other  in 
a highly  satisfactory  way.  In  the  meantime,  quantitative 
means  for  the  measurement  of  oxygen  deposited  in  glow 
discharge  oxidation  of  silver  had  to  be  developed  and 
tested.  Moreover,  the  rate  of  decomposition  of  the 
oxide  at  the  temperature  of  cesium  addition  (190°C)  had 
to  be  studied.  Hence  for  the  third  time  the  oxidation 
of  silver  was  studied.  The  thermal  decomposition  of 
silver  oxide  was  also  studied.  The  anoupt  of  oxide 
formed  by  the  passage  of  a given  quantify  of  charge  in 
the  glow  discharge  was  obtained  and  also  the 
decomposition  rate  of  the  oxide  was  measured  at  various 
temperature s . The  objective  of  these  experiments  was 
practical.  The  purpose  was  to  control  the  extent  of 
oxidation  and  to  verify  that  the  extent  of  thermal 
decomposition  was  negligible,  i.e.  that  oxygen  remained 
on  the  cathode  during  cesium  addition  at  190°C,  No  serious 
attempt  was  made  to  investigate  the  mechanism  of  either 
the  glow  discharge  oxidation  or  the  thermal  decomposition. 
Nevertheless,  the  results  may  be  of  some  practical 
interest  to  others  and  hence  are  presented  in  Section  3 
of  this  report. 

During  the  course  of  the  cesium  tracer  experiments 
a phenomenon  was  encountered  which  throws  considerable 
light  on  the  difficulties  experienced  in  the  preparation 
of  infrared-sensitive  semitransparent. cathodes.  Using 
an  evaporated  silver  film  of  several  thousand  Angstroms 
thickness,  four  photocathodes  were  prepared  in  order  to 
develop  the  technique.  The  last  of  these  developed 
infrared  sensitivity  after  heating,  so  the  tracer 
experiments  were  started.  The  next  ten  tubes  were  of 
very  poor  quality,  comparable  with  or  worse  than  the 
semitransparent  photo cathodes.  &verv  variation 
conceivable  at  the  time  was  tried  in  order  to  correct 
this  defect  but  without  effect  until  the  thickness  of  the 
evaporated  silver  film  was  increased.  The  infrared 
sensitivity  immediately  rose  to  that  for  a good  massive 
cathode  tube  and  remained  there  for  all  the  remaining 
tubes  (ten  or  more).  Thickness,  however,  is  not  the 
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significant  variable  because  a silver  film  even  thinner 
than  the  original  and  evaporated  at  j*  vary  low  rate' 
gave  a very  good  infrared-sensitive  cathode  comparable 
with  a massive  cathode*  This  cathode  was  semitransparent 
when  completed,  although  with  a considerably  thicker  film 
than  the  normal  semitransparent  cathode*  this  constitutes  ? 
a clear-cut  case  in  which  the  condition  of  the  silver  base 
determines  the  subsequent  development  of  the  cathode  to 
such  a degree  that  none  of  the  intermediate  variations 
could  significantly  alter  the  final  product*  For  this 
reason  alone  the  set  of  experiments  described  is  very 
useful.  In  addition,  however,  the  composition  of  the 
photocathode  was  determined,  the  ratio  of  the  number  of 
cesium  atoms  to  the  number  of  oxygen  atoms  being  about 
lw6  - l.tf  for  good  infrared-sensitive  cathodes.  The 
experiments  are  described  in  Part  IX* 

Finally,  an  x-ray  investigation  of  the  finished 
photocathode  revealed,  for  infrared-sensitive  photo cathodes, 
only  C320  and  silver.  Some  other  constituent,  either 
silver  oxide  or  a higher  cesium  oxide*  must  be  present 
in  order  to  account  for  the  radio  tracer  experiments, 
but  the  proportion  is  too  small  to  be  detected  in  the 
x-ray  experiments.  This  work,  together  with  the 
radioactive  cesium  tracer  work,  is  described  in  Part 
II. 


The  final  chemical  picture  of  the  photocathode  is 
as  follows.  The  most  infrared-sensitive  photocathodes 
contain  Cs20  which  is  very  probably  the  source  of 
photoelectrons . The  cathodes  also  contain  another  oxide, 
perhaps  Cs^O^,  in  intimate  contact  with  Cs20.  The  second 
oxide  also  has  an  important  function  which  will  be 
discussed  in  Part  II.  These  conclusions  concerning 
cathode  composition  are  supported  by  additional  data 
which  are  also  discussed  in  Part  II. 


1.2  Organisation  of  Report 
on  Silver  Oxidation 

From  the  above  description  of  the  manner  in  which  the 
research  developed  it  is  evident  that  the  silver  oxidation 

frocQss  has  been  studied  on  three  different  occasions, 
n each  case  the  objectives  were  different  and  different 
apparatus  was  used.  This  complicates  to  some  degree  the 
problem  of  organizing  a report  on  th®  subject.  To  avoid 
confusion  It  seems  worthwhile  to  indicate  in  mare  detail 
the  manner  in  which  the  report  is  organised. 

To  eliminate  repetition  in  the  description  of 


apparatus  the  experimental  techniques  are  described 
together  in  Section  2 and  reference  to  this  section 
is  made  thereafter  in  the  following  text. 

Aftefr  h considerable  number  of  trials  the  dc 
glow  discharge  Was  adopted  as  the  oxidation  procedure 
for  the  preparation  of  tubes  having  both  semitransparent 
and  massive  cathodes.  The  reasons  for  this  selection 
together  with  a description  of  control  methods  and 
results  on  the  rate  of  oxidation  and  of  thermal 
decomposition  of  oxide  are  given  in  Section  3. 

The  results  of  an  x-ray  diffraction  study  of 
oxidation  products  are  given  in  Section  U.  In  thiB 
study  attention  was  not  confined  to  the  glow  discharge 
oxidation.  Instead,  a variety  of  oxidation  methods, 
including  ozone  oxidation^  were  studied.  This  was 
necessarv  in  order  to  investigate  the  number  of  solid 
phases  present  in  the  oxidation  products.  New  solid 
phases,  not  previously  obtained,  have  been  found.  Some 
useful  qualitative  results  pertaining  to  particle  sizes 
and  optical  properties  have  also  been  obtained. 

In  Section  A.  5 a brief  summary  is  given  of  the 
effect  of  silver  evaporation  and  oxidation  on  photocathode 
properties.  This  point  i3  discussed  in  more  detail  in 

Part  II* 

Section  5 contains  an  appraisal  of  the  present 
status  of  the  problem  and  suggestions  for  further  work* 
Conclusive  evidence  that  the  silver  evaporation  process 
has  a decisive  effect,  on  the  finished  cathode  was  obtained 
rather  late  in  the  experimental  investigation.  As  the 
result,  some  gaps  in  our  study  of  silver  oxidation  were 
indicated  whichf  there  was  no  time  to  fill.  These  are 
pointed  out  in  Section  5. 


2.  TSXPmUudKTAL  M3TKGDS 


In  this  section  the  details  relating  to  the 
experimental  equipment  and  procedures  used  to  study  the 
oxidation  of  the  silver  are  discussed.  The  organization 
of  the  section  is  based  upon  the  order  involved  in 
performing  the  experiments.  The  topics  considered  are 
as  follows:  (l)  tube  design,  (2)  vacuum  systems,  (3) 
oxidation  methods,  (h)  Preparation  of  silver  surfaces, 

(5)  oxide  decomposition,  and  (6)  x-ray  diffraction 
characterisation.  This  organization  was  adopted  in 
order  to  avoid  unnecessary  duplication  in  the  description 
of  the  experimental  z'esults  presented  in  subsequent 
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eoeti ssst  A detailed  discussion  of  the  micro  Plrani 
gauges  used  to  measure  the  pressure  changes  during 
oxidation  is  given  in  Appendix  1. 


2.1  Design  of  Tubes 

In  the  course  of  the  oxidation  studies  three 
distinct  tube  designs  have  been  used.  The  tubes  were, 
for  the  most  part,  not  designed  specifically  for  studies 
of  the  oxidation  process,  but  rather  for  the  investigation 
of  the  preparation  of  different  types  of  photocathodes. 

For  this  reason,  it  is  convenient  to  describe  the  tubes 
by  the  following  names:  massive  silver  cathode,  radioactive 
tracer  cathode,  and  evaporated  silvsr  wedge  cathodes. 

The  massive  silver  cathode  tube  corresponds  to  the 
t simplest  design  possible  for  the  preparation  of  the 
infrared-sensitive  Ag-O-Cs  photocathode.  The  design  of 
this  tube  is  shown  in  Fig.  1A.  The  cathode  surface  is 
formed  by  mounting  a silver  sheet  approximately  4x5  cm 
in  a tantalum  vrire  frame  which  is  spot-welded  to  a nickel 
lead-in  wire.  The  silver  used  was  0*01Q-inch  thick 
"fine  quality”  silver  sheet  from  the  Handy  and  Harmon  Co. 
New  York,  N.Y.  This  tube  design  was  used  for  the 
investigation  of  the  general  characteristic  of  the  glow 
discharge  oxidation  of  massive  silver.  In  addition,  a 
similar  tube  design  was  used  to  investigate  the 
relationship  between  the  tube  gross  composition  and 
the  photoelectric  and  thermionic  emission* 

The  thick  evaporated  silver  cathode  tube  design 
wa3  utilised  in  the  radioactive  cesium  tracer  studies 
of  the  gross  composition  of  the  phctosurface.  This 
tube  design  is  shown  in  Fig.  IB.  The  cathode  consists 
of  a thick  silver  film  evaporated  on  a definite  area  of 
a 3/4-inch  diameter  microscope  cover  glass.  The  cover 
glass  holder  for  the  silver  evaporation  is  so  designed 
that  a narrow  silver  tongue  extenting  to  the  edge  of  the 
glass  disc  is  formed  during  the  evaporation.  This 
tongue  is  used  to  make  electrical  contact  with  the 
tantalum  clips  in  which  the  cover  glass  is  mounted. 

The  area  covered  by  silver  in  the  evaporation  process  is 
2. #4  ovid  and  is  accurately  reproducible  sines  the  same 
template  is  used  in  each  case  to  define  the  area.  Since 
it  was  very  important  th&t  the  oxygen  during  the  oxidation 
be  deposited  quantitatively  on  the  silver  cathode, 
tantalum  was  used  in  the  construction  of  the  auxiliary 
elements  of  this  tube.  This  tube  design  was  used  to 
investigate  the  rate  of  the  decomposition  of  the 
oxidized  silver  at  190°C.  A similar  tube  in  which  the 
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FIGURE  I.  Tubes  Used  in  Silver  Oxidation  Study 


cathode  surface  was  replaced  by  a massive  silver  dice 
wae  used  to  Investigate  the  rate  of  oxidation  in  the 
alow  discharge  and  the  decomposition  of  the  oxide 
Tformed  in  tne  glow  discharge)  at  190*C  and  higher 
temperature 5 . 

The  evaporated  silver  wedge  cathode  tube  design 
has  been  utilised  in  the  Investigation  of  the  surface 
fbrmed  in  the  controlled  glow  discharge  oxidation  of 
thin  silver  films*  This  tube  design  is  shown  in 
Fig*  1C*  The  silver  surface  is  formed  by  the 
high-vacuum  evaporation  of  a silver  film  of  graded 
thickness  (wedge)  on  the  front  interior  surface  of  the 
tube  envelope*  As  shown  in  Fig.  1C  the  silver 
evaporator  consists  of  a silver  bead  fused  to  a 
tantalum  wire  and  mounted  in  a nickel  box  which  difines 
the  shape  and  extent  of  the  silver  film.  The  film 
thickness  decreases  as  the  distance  from  the  bead 
increases.  Electrical  contact  with  the  evaporated 
silver  is  obtained  by  the  overlapping  of  the  silver 
deposit  onto  an  evaporated  gold  nU°  which  makes 
electrical  contact  with  a tungsten  lead-in  wire 
sealed  through  the  pyrex  tube  wall.  The  anode  is 
formed  by  a tantalum  wire  block  "0"  which  is  spot- 
welded  to  the  front  lead-in  wire  for  the  silver 
evaporator  unit.  The  drawing  of  Fig,  1C  io  schematic 
and  is  not  to  scale.  A scale  drawing  of  the  tube  is 
given  in  the  second  report  of  this  series. 


2*2  Vacuum  Systems 

Experiments  relating  to  the  oxidation  process 
have  been  performed  using  two  different  vacuum  systems. 

1 was  designed  for  the  preparation  of  massive  silver 
and  semitransparent  cathode  phototubes,  whereas 
vacuum  system  II  was  designed  for  the  investigation  of 
the  photocathode  gross  composition  using  radioactive 
cesium.  The  components  and  characteristics  of  the 
two  systems  are  described  in  this  Section. 

Schematic  drawings  of  the  two  vacuum  systems  are 
shown  in  Fig,  2,  In  system  I a D.P.I.  GF25*  triple- 
stage oil-diffusion  pump  is  connected  through  a large 
bore  stopcock  to  a manifold  with  a total  volume  of 
1*0  liter,  whereas  in  system  II  a two-stage  mercury- 
diffusion  pump  is  connected,  through  a triple-effect 
liquid  air  trap  and  a large-bore  stopcock,  to  a manifold 
,/ith  a total  volume  of  0.230  liter.  The  pressures 
below  6x10  “frma  Hg  were  measured  using  a VOX  A 

ionisation  gauge.  In  system  I the  pressure  range 
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1*600  ailerons  Has  measured  with  a Cenco  thermo* 
gauge- unit,  but  for  system  II  a calibrated  D . P .1,*, 
f Irani  gauge  was  used* 


The  oxygen  pressures  (1*0  to  0*6  on  Hg) 
during  the  oxidation  aten  were  measured  using  micro  1 
Piranl  gauge  tubes  designed  by  Dr.  Sam,  Naiditch  while 
employed  by  The  Ohio  State  University  Research  Foundation 
for  System  I the  micro  Piranl  gauge  circuit  involved/ 
the  use  of  an  unbalanced  bridge  circuit,  the  actual 
pressure  change  during  oxidation  being  determined  f*k» 
the  change  in  the  deflection  of  a galvanometer 
connected  across  the  bridge.  With  this  gauge  it  wa$  4’ 
possible  to  measure  the  pressure  in  the  range  from  4 
0.5  to  O.d  mm  Hg  to  an  accuracy  of  *4  microns  * v In 
system  II  it  was  necessary  for  the  quantitative  study 
of  the  composition  of  the  cathode  to  obtain  a more 
precise  determination  of  the  oxygen  pressure*  The 
micro  Pirani  gauge  circuit  for  this  system  ihvelVed  the 
use  of  a balanced  Wheatstone  bridge  circuit,  the  actual 
pressure  change  during  oxidation  being  determined  byo 
the  change  in  resistance  required  to  rebalance  the 
bridge.  In  actual  use,  this  gauge  was  recalibrated 
each  time  that  a set  of  oxygen  pressure  measurements 
was  performed.  For  the  pressure  range  0.6  to  C&9  mm'flg 
this  gauge  had  sensitivity  of  1.7  cm  galvanometer  4 
deflection  per  micron.  However,  because  of  various  4 
factors  the  actual  accuracy  was  *1  micron. 


A detailed  discussion  of  the  two  micro  Pirani 
gauges  is  presented  in  Appendix  I to  this  report* 

In  the  preparation  of  transparent  cathode  tubes 
on  system  I the  transmission  characteristics  of ‘the 
evaporated  silver  films  were  measured  using  a phdtbtube 
with  an  3-6  surface  and  a GK-&2-6CP  light  bulb 
operated  at  6 volts.  The  current  from  the  photocell 
was  measured  by  means  of  a No. 3402  HH  Rubicon 
galvanometer  with  a sensitivity  of  0.006  1 UCUtm 
and  an  Aryton  shunt.  . ' ' . 


To  outgas  the  experimental  tubes  which  were 
sealed  to  the  vacuum  system  a three-inch  diameter 
quarts  tube  resistance  furnace  was  used*  The  tubes  were 
outgassed  at  400-450°®  for  at  least  two  hours  or  until 
the  pressure  was  less  than  5x10 -bmm  He  as  measured  with 
the  VGlA  gauge.  In  general,, the  final  pressure  after 
outgassing  was  lees  than  1 Q^^ssn  Hg, 


For  system  I the  oxygen  for  the  silver  oxidation 
was  obtained  by  heating  KMnO^  pellets  in  a side  tube  as 


shown  in  Fig.  2.  In  system  II  commercial  tank 
oxygen,  passed  through  & Driarite  drying  colons*  wsfi  used 
This  choice  of  oxygen  source  involved  a problem  of 
convenience  in  performing  the  experiments  • During  ths 
preparation  of  each  tube  on  srstera  II  the  total  volttee 
of  the  system  was  determined  by  a gas  expansion  method 
In  addition  to  the  recalibration  of  the  micro  Pirani  ■; 
gauge,  and  it  was  more  convenient  to  use  tank  oxygon* 

It  has  also  been  established  experimentally  that  the 
same  oxide  phases  are  formed  during  oxidation  with  the 
oxygen  from  the  two  different  sources. 

In  the  course  of  the  radioactive  tracer  experiment* 
an  auxiliary  vacuum  system  was  constructed  for  the 
oxidation  and  heat  treatment  of  the  thick  evaporated 
silver  cathodes  prior  to  mounting  in  a tube  envelojte*. 
This  system  consisted  of  a manifold  connected  through 
a large*bore  stopcock  to  a liquid-air  trap  and  a 
single-stage  mercury-diffusion  pump.  The  female*  end  of 
a 32-nm  standard  tape  joint  with  a long  central  cathode 
wire  sealed  into  the  base  was  attached  to  the  manifold 
by  a 15-00  bore'  side  tube*  The  male  end  of  the  joint 
was  extended  with  a piece  of  32-mm  tubing  and  a 
tungsten  anode  wire  mounted  close  to  the  wall.  The 
lengths  of  the  tungsten  wires  were  so  chosen  that,  a 
thick  evaporated  silverfilm  cathode  could  be  mounted 
on  the  cathode  lead-in  wire,  the  male  tube  portion 
placed  in  position,  and  the  cathode  oxidized  in  a glow 
discharge.  The  distance  from  the  diver  cathode  to  the 
standard  taper  joint  was  sufficiently  long  so  that  the 
joint  was  not  appreciably  heated  during  the  heat 
treatment  of  the  cathode.  The  oxygen  for  the  oxidation 
was  obtained  by  heating  KMnO^  pellets#  An  OctoillS 
manometer  was  used  to  measure  the  ores sure  for  the 
oxidation  operation.  This  system  was  used  only  for  the 
pretreatment  of  silver  sheet  on  film  before  the  final  1 
oxidation  In  vacuum  system  II.  Repeated  oxidation  and . 
thermal  decomposition  of  the  oxide  made  it  easy  to 
perform  the  final  oxidation  uniformly. 


2.3  Oxidation  Methods 

In  the  experimental  investigation  of  the  oxidation 
process  oxide  surfaces  have  been  formed  by  (1)  the 
"osonlBed”  oxygen  oxidation  of  silver  wires  and  t 

©T&porated  silver  wedges,  (2)  the  "electrodeless" 

(rf)  glow  discharge  oxidation  of  silver  wires  and  thin 
evaporated  silver  films,  and  (3)  the  do  glow  discharge 
oxidation  of  massive  silver,  evaporated  silver  films, 


and  evaporated  silver  wedges.  In  the  remainder  of  this 
report  the  oxidation  methods  are  designated  by  the 
following  names:  0^,  rf,  and  do  glow  discharge  oxidations 
The  equipment  and  procedures  for  these  different 
oxidations  are  described  in  the  following  paragraph®* 

For  the  Oj  oxidation  the  apparatus  shown  in  Fig.  3 
was  used.  In  this  system  commercial  cylinder  oxygen 
was  passed  through  a series  of  P2O5  drying  tubes, 
through  a silent  discharge  0 ioniser,  and  then  either 
through  a bubbler  to  add  water  to  the  gas  or  directly 
to  the  reaction  chamber.  The  silent  discharge  type 
osoniser  was  operated  with  a 15,000-volt  neon  sign 
transformer.  The  osone  oxidations  were  performed  by 
the  insertion  of  the  sample  into  the  reaction  chamber, 
flushing  the  system  with  oxygen,  and  then  oxidising 
the  sample  for  the  desired  time  with  the  O3-O2  mixture 
formed  in  the  osoniser.  Samples  prepared  at  elevated 
temperature  were  allowed  to  cool  to  room  temperature 
in  the  O3-.O2  stream  prior  to  removal  from  the  reaction 
chamber, 

A sketch  of  the  apparatus  used  for  the  study  of 
the  rf  oxidation  of  silver  wires  is  shown  in  Fig.  3®*. 

In  this  apparatus  the  silver  wire  samole  was  mounted 
between  the  ends  of  a chromel-alumel  thermocouple 
in  the  oxidation  chamber.  By  measuring  the 
thermocouple  •raf  it  was  possible  to  determine  a 
temper at ure  for  the  wire  sample  during  the  bombardment 
in  the  glow  discharge.  It  was  established 
experimentally  that  for  a given  oxygen  pressure  and 
rf  power  the  «mf  developed  vras  the  same  for  both  silver 
and  platinum  junction  wires.  The  rf  source  was  a 
B-C-375-K  Signal  Corps  transmitter.  A relative  measure 
of  the  rf  power  output  was  obtained  from  the 
plate  current  meter  reading,  P,  which  could  be  varied 
from  120  to  220  units*  As  shown  in  the  figure  the 
oxygen  pressure  was  determined  with  an  Octoil-S 
manometer.  The  actual  volume  of  the  system  was 
sufficiently  large  so  that  there  was  no  significant 
pressure  change  during  oxidation. 

The  rf  source  described  above  was  also  used  in  the 
rf  glow  discharge  oxidation  of  thin  evaporated  silver 
films.  This  oxidation  was  performed  by  placing  over 
the  area  to  be  oxided  a tightly  fitting  cap  which  was 
connected  to  the  rf  source. 

The  circuit  for  the  dc  glow  discharge  oxidations 
desci*ibed  in  this  report  is  shown  in  Fig.  3C,  Th© 
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high  voltage  from  the  nonregulated  dc  power  supply  was 
continuously  variable  from  100  to  1700  volt*  For 
this  particular  power  supply  satisfactory  operation  was 
obtained  using  a 5C, 000-ohm  current  limiting  resistor 
in  the  high -voltage  current*  The  oxidations  were 
performed  using  the  silver  film  as  a cathode  in  the 
discharge,  and  with  a voltage  drop  across  the  tube  of 
40G  to  550  volts. 


2 ,4  Preparation  of 
Silver  Surfaces 

The  oxidation  process  has  been  studied  using  three 
different  types  of  silver  surfaces  namely,  massive  silver, 
thick  evaporated  silver  films,  and  evaporated  silver  films 
of  traded  thickness  (wedges).  The  techniques  used  to 
prepare  the  various  surfaces  are  described  below,..  "Fine 
duality"  Handy  and  Harmon  Co.  silver  which  was  nearly 
spectroscopically  pure  has  been  used  throughout  the 
investigations. 

The  silver,  sheet  used  for  the  preparat  ion  of  the 
massive  silver  cathodes  t*as  mounted  in  the  tantalum 
frame  as  described  in  section  2.1.  After  the  mounting, 
the  silver  cathode  was  lightly  etched  with  6H  HNOo, 
rinsed  thoroughly  with  distilled  water,  and  then  dried 
at  150°C.  ,(A  similar  procedure  was  used  to  prepare 
the  silver  wires  for  the  ozonised  rf  oxidations.) 

After  mounting  in  the  tube  envelope  and  sealing  to  the 
vacuum  system,  the  silver  surface  was  given  a 
preliminary  high-voltage  glow  discharge  oxidation  in 
oxygen  at  0.7-0. 9mm  Hg,  Durina  this  step  it  was  possible 
to  determine  whether  the  oxidation  would  proceed 
uniformly  over  the  entire  surface.  If  the  oxidation  was 
nonuniform,  the  surface  was  oxidized  until  complete 
coverage  was  obtained.  The  oxide  surface  was 
subsequently  decomposed  by  heating  to  400-1 50°G  in  a 
vacuum  (p<c  \0”5VTvmWg) . This  process  was  repeated  until 
uniform  oxidation  of  tne  cathode  was  obtained.  In 
addition,  during  this  step  it  vras  possible  to  determine 
the  minimum  input  voltage  to  the  high-voltage  transformer 
required  to  provide  complete  coverage  of  the  cathode  by 
the  glow  discharge  '***.  It  is  to  be  noted  that 
if  the  voltage  across  the  tube  is  too  high  during  the 
oxidation,  silver  is  sputtered  off  the  cathode.  After 
the  oxidation  process  had  been  studied,  oxide  was 
decomposed  by  heat  treatment  in  a vacuum  at  40 0-45O°C 
until  the  pressure  was  less  than  55clO"®mm  Hg, 

The  clean  cathode  could  then  be  re-used. 


Silver  films  evaporated  onto  a glass  substrate 
in  a DPI  vacuum  evaporation  unit  have  been  used  in  the 
preparation  of  the  thick  silver  film  radioactive  Cs 
tracer  tubes,  and  in  the  investigation  of  the  ozone 
oxidation  of  evaporated  silver  wedges.  The  details 
for  the  preparation  of  the  two  surfaces  are  described 
below. 

The  glass  substrate  for  thick  evaporated  silver 
films  consisted  of  a circular  microscope  coverglass 
22  mm  in  diameter  and  0.007  * 0.001  inch  thick.  The 
disc  was  cleaned  by  rubbing  with  a mixture  of 
precipitated  chalk  and  ammonium  hydroxide,  rinsing 
with  distilled  water,  and  drying  with  cheesecloth. 

The  disc  was  then  mounted  in  a stainless  steel  holder 
which  defined  the  silver  deposition  area  (2.84  cm2). 

The  holder  was  then  mounted  in  the  DPI  evaporator  unit 
over  a tantalum  trough  containing  a piece  of  massive 
silver.  To  evaporate  the  silver  the  tantalum  trough 
was  electrically  heated  by  passing  a high  current 
through  it.  The  DPI  evaporator  was  then  evacuated 
to  approximately  100  microns  and  a glow  discharge 
passed  through  the  bell  jar  to  further  clean  the 
surfaces  by  positive  ion  bombardment.  After  evacuation 
to  10"5ram  Hg,  the  heating  current  was  turned  on  and  the 
desired  amount  of  silver  was  evaporated  on  the  glass 
disc. 


After  the  silver  evaporation,  the  disc  was 
mounted  in  the  tantalum  clip  support.  To  avoid 
sputtering  of  silver  within  the  tube  envelope  and  to 
determine  the  oxidation  characteristics  of  the  surface, 
the  cathode  was  then  mounted  in  the  auxiliary  vacuum 
system  described  in  Section  2.2.  The  surface  was  then 
repeatedly  oxidised  and  heat-treated  in  a vacuum  at 
4G0-450°C  until  uniform  oxidation  was  obtained.  After 
this  treatment  the  clean  cathode  was  mounted  in  a tube 
envelope  and  the  tube  sealed  to  the  vacuum  system. 

Prior  to  preparation  of  the  final  oxide  film  the  surface 
was  again  slightly  oxidized  to  verify  that  oxidation 
proceeded  uniformly.  This  oxide  film  was  decomposed 
durln?  the  final  outgassing  of  the  tube,  thus  leaving 
a clean  silver  cathode  for  the  subsequent  oxidation 
experiment. 

The  silver  wedges  for  the  ozone  oxidation 
study  (Section  4.31)  were  prepared  by  the  evaporation 
of  silver  onto  a Ix3«inch  microscope  slide  from  a 
multiple  silver  bead  tantalum  wire  filament  mounted 
in  the  DPI  evaporator  unit.  The  glass  substrate  slides 
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were  cleaned  with  a hot  Galgonite  solution, 
followed  by  a thorough  rinsing  with  distilled  water* 

The  slides  were  individually  mounted  in  a glass 
container  which  was  loosely  covered  with  a glass  plate 
and  then  dried  in  a hot-air  oven  at  150°C.  For  the 
evaporation,  the  slides  were  mounted  perpendicular  to 
the  multiple  silver  bead  tantalum  wire  evaporator' with, 
one  end  of  the. elide  at  a perpendicular  distance  of 
one  centimeter  from  the  evaporator*  During  the 
evacuation  of  the  bell  jar  to  10"5raa  Hg  the  surfaces 
were  subjected  to  a glow  discharge  bombardment*.  , , • \ ' 
With  the  evaporation  geometry  used,  it  was  possible' to ' 
prepare  silver  wedges  with  greater  than  50>  transmission 
at  the  thin  end,  and  an  opaque,  essentially  massive . 
silver  surface  at  the  thick  end.  A similar  tedhn^lO^;'. ,. 
has  been  used  by  Sennet  and  Scott * to  investiga^t 
the  structure  and  optical  properties  of  evaporated . 
silver  films. 

The  geometry  of  the  silver  wedge  tubes  used 
investigate  the  dc  glow-discharge  oxidation  of  silver 
films  (section  4.33)  has  been  described  in  connection'  ■<- 
with  Fig.  1C.  After  the  tube  had  been  thoroughly  :',  :>* 

outgassed,  a silver  film  was  evaporated  on  the  tObd  n . 
wall  by  heating  the  silver  bead  mounted  on  the  tantalum 
Wire  with  alternating  current.  The  evaporation  was  V 
controlled  so  that  the  thinner  portion  of  the  film $ 
furthest  from  the  silver  bead  transmitted  505*  of  Incident 
white  light.  The  silver-beaded  tantalum  filament#  were 
prepared  in  the  DPI  evaporation  unit  by  the  fusion 
of  small  pieees  of  silver  wire  onto  the  tantalum  wire. 


2.5  Oxide  Decomposition 

Prior  to  the  determination  of  the  rathode  gross 
composition  using  radioactive  ceeium  it  was 
necessary  to  investigate  the  thermal  decomposition 
characteristics  of  the  silver  oxide  formed  in  the  glow 
discharge.  The  thermal  decomposition  studies  (Section  3.4) 
were  performed  on  vacuum  system  II  using  both  massive 
silver  disc  cathodes  and  thick  evaporated  silver  films* 

The  auxiliary  equipment  and  the  experimental  procedure# 
are  described  in  this  Section. 

After  mounting  the  experimental  tube  on  vacuum  system 
II,  the  total  volume  of  the  system  was  measured  by  a gas 
expansion  method,  and  the  micro  Pirani  gauge  calibrated 
by  the  method  described  in  Appendix  I.  After  outgassing 


the  tube  at  400-450°C,  the  cathode  was  oxidised  is*  th# 
desired  extent  using  a dc  glow  discharge.  The  amount ~ef 
oxygen  deposited  was  determined  using  the  aeagttr*$ 
volume  of  the  system  and  the  observed  change  in'  the 
oxygen  pressure.- 

% - After  the  oxidation  the  system  was  evacuated,  to 
1 Or 5ms  Kg,  the  manifold  diffusion  pump  stopcock 
and  the  room  temperature  "leak"  rate  established 
being  negligible.  The  oxygen  pressure  during  th&  y* 
decomposition  was  measured  using  the  DPI  Pirani  ’gauge 
calibrated  for  the  0-20  micron  range  with  a McLeod 
gauge  and  for  the  10-170  micron  range  by  a manometer 
and  a gas-expansion  method.  The  actual  oxide  decomposition 
was  performed  using  a quartz  tube  resistance  furnace  fpr 
temperature  above  2J0°C  and  a Dow  Coming  dc  550  high- 
temperature  elUbath  for  temperatures  below  250®C. 

The  observed  pressure  was  corrected  to  room 
temperature  by  the  following  approximate  equation;- 
...  Let 

» volume  of  system  minus  the  volume  of  • the,  fcube 
To  * volume  of  immersed  tube  . ^ • 


then 
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Ti  » room  temperature 

pi 
p2" 


Pl  = 


bath  temperature 

total  pressure  at  room  temperature  ", 
total  pressure  with  the  tube  heated^,: 

Ez. 


i 


h+  *2 


equation  assumes  an  infinite  temperature  gjte'dieh^ 
at  the  bath  surface;  however,  since  the  conne ctihg'h^be 
volume  is  small  compared  to  the  total  volume,  the 
assumption  does  not  introduce  any  serious  error  *7 


2*d  X-Ray  Diffraction 

* * * . .•  _ 

Throughout  the  investigation  of  the  silver  oxidation 
it  haa  been  possible  to  characterize  the  oxide  by  toeans 
Ojf  x^ray  diffraction  powder  photographs.  The  equipment 
and  procedures  used  for  the  x-ray  diffraction  work  are 
briefly  discussed  in  this  section. 


During  the  early  phases  of  the  oxidation  studies^ 
a series  of  x-ray  transmission  photographs  of  unoxidized 
and  oxidised  silver  films  were  prepared.  In  these 
experiments  a flat  film  casette  camera  with  a 5~cm 
baarpleHi^film  distance  was  used  in  conjunction  with  a 
Copper-target  x-ray  tube  and  a nickel  filter  as  a source  of 


copper  K*  radiation  (A*  1.541&A).  In  these  experiments 
complete  diffraction  data  for  the  samples  could  not  be 
readily  obtained  because  of  excessive  exposure  times 
required  for  sifcall  scattering  volume  of  the  oxide  films* 

A second  x-ray  diffraction  method  has  been  employed 
during  the  present  contract  period  (Section  4*3)  which 
has  made  possible  the  x-ray  characterisation  of  very 
thin  oxide  films*  This  has  been  accomplished  by 
modifying  the  sample-preparation  techniques*  Using  a 
Bausch  and  Lomb  901  binocular  microscope it  has  been 
possible  to  scrape  loose  small  oxide  samples  from 
selected  areas  of  oxidised  cathodes  and  to  load  these 
samples  into  Pyrex  capillaries  with  bores  of  the  order 
of  0*04  mm.  X-ray  powder  photographs  of  these  samples 
were  prepared  in  a 57.3-mm  diameter  Debye -Schemer 
powder-diffraction  camera  with  a Straumanis  type  of 
film  holder  and  using  a nickel- filtered  copper  radiation. 
Two  procedures  were  used  in  the  computation  of  interplanar 
spacing©.  In  the  case  of  routine  photographs  of  oxide 
films  no  correction  was  applied  to  the  measured  film 
distances  for  film  shrinkage.  This  corresponds  to  the 
assumption  that  one  millimeter  on  the  film  was  equal 
two  degrees  of  glancing  angle  8 . It  has  been  observed, 
for  the  camera  used,  that  the  camera,  diameter  computed 
by  the  Straumanis  method  very  rarelv  differed  from  the 
assumed  radius  by  greater  than  one  part  in  five  hundred. 
The  interplanar  soacingB  for  photographs  having  well- 
defined  back  reflection  lines  were  computed  using  28 
values  corrected  for  film  shrinkage.  These  values  are 
reported  to  at  least  the  third  decimal  place  in  the 
subsequent  sections  of  the  report.  In  the  computation 
of  the  interplanar  spacings dhv * extensive  use  has  been 
made  of  the  tables  prepared  by  Switser,  Axelrod, 

Lindberg,  and  Larsen®. 


3.  OXIDATION  OF  SILVER  BI  MEANS  OF 
THE  DIRECT-CURRENT  GLOW  DISCHARGE. 

THERMAL  DECOMPOSITION  OF  THE  OXIDE. 

During  the  study  of  the  products  of  oxidation  of 
silver  (Section  4)  a considerable  variety  of  oxidation 

?rocesses  was  studied.  Several  of  these  were  also  used 
n the  preparation  of  photocathodes.  It  was  finally 
decided,  however,  that  the  dc  glow  discharge  through 
oxygen  was  most  satisfactory  for  our  purposes  and  this 
method  was  used  in  the  preparation  of  almost  all  of 
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the  photocathodes  which  are  described  In  the  second 
report  of  this  series.  It  is  therefore  important  to 
have  a clear  understanding  of  the  methods  of  control 
whieh  have  been  used,  and  also  some  knowledge  of  the 
properties  of  the  oxide  which  is  formed.  The 
necessary  background  is  supplied  in  this  section. 


3.1  General  Characteristics 
of  DC  Glow  Discharge. 

The  de  glow  discharge  was  selected  as  the  oxidation 
method  in  photo cathodw  preparation  ehiefly  because  of 
convenience  in  control.  Other  methods  such  as  rf 
discharge  have,  however,  also  been  used.  The  oxidation 
process  is  so  complicated  that  there  seemed  to  be  little 
chance,  within  a reasonable  period  of  time,  of 
unraveling  completely  the  mechanism  of  the  intermediate 
stages  of  oxidation.  The  problem,  therefore,  was  to 
find  a process  (1)  which  could  be  controlled  easily, 

(2)  which  could  be  adapted  to  a variety  of  tube  designs 
and  still  be  operated  under  conditions  which  we.'e 
recognizably  similar  in  each  case,  and  (3)  which  brought 
about  the  oxidation  quickly  and  efficiently.  The 
conditions  having  been  adjusted,  the  products  of 

Oxidation  could  then  be  determined  by  x-ray  investigation 
see  Section  4)  so  that  at  least  the  end  result  of  the 
oxidation  could  be  established  even  though  the  mechanism 
remained  obsoure.  The  do  glow  discharge  fulfills  these 
requirements  rather  well.  The  fact  that  glow  discharges 
have  been  previously  studied  at  some  length  has  been  of 
considerable  assistance  and  it  seems  well  to  review 
briefly  some  of  the  pertinent  facts  before  passing  on  to 
the  consideration  of  specific  applications  to  the  present 
research. 

The  mechanism  of  the  glow  discharge  has  been  studied 
extensively  and  several  good  reviews  are  available^**. 

The  mechanism  has.  of  course,  been  studied  moat 
extensively  for  those  discharges  in  which  the  electrodes 
are  inert,  i.e.  no  chemical  reaction  with  gas  occurs 
during  the  discharge  process*  In  the  oxidation  cf  silver 
by  making  a silver  sheet  or  film  the  cathode  in  a 
discharge  through  oxygen  there  is,  however,  a reaction 
between  oxygen  and  the  cathode.  The  cathode  therefore 
undergoes  a progressive  change  as  the  discharge  is 
operated  and  hence  the  nature  of  the  discharge  very 
probably  undergoes  a change.  The  known  facts  concerning 
the  operation  of  discharges  are  expected  to  apply 
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accurately,  therefore,  only  in  the  initial  stages  of 
operation  before  any  substantial  oxidation  has  occurred. 

In  order  to  utilise  as  fully  as  possible  the  known 
information  about  glow  discharges  it  is  therefore 
necessary  either  to  adjust  conditions  with  silver 
cathodes  by  studying  the  discharge  characteristics  in 
the  first  fraction  of  a second,  or  alternatively  to 
conduct  a preliminary  study  in  which  the  silver  cathode 
is  replaced  by  one  of  another  metal  which  is  chemically 
inert  but  which  is  otherwise  expected  to  behave 
similarly  to  silver.  The  second  alternative  has  been 
adopted  for  the  purpose  of  a preliminary  study, 
platinum  being  chosen  for  the  cathode. 

For  definiteness  we  consider  a discharge  tube  of 
the  type  of  Fig.  IB  with  a platinum  disc  as  cathode. 

The  glow  discharge  through  oxygen  at  a pressure  in  the 
rang©  0.5  to  1 mm  Hg  is  oroduced  as  follows.  The  disc 
is  made  the  cathode  in  the  discharge  by  attaching  it  to 
the  negative  terminal  of  a high  voltage  dc  power  supply. 

A straight  wire  whose  length  is  parallel  to  the  cathode 
surface  is  used  as  anode.  The  discharge  tube  is  placed 
in  series  with  a high  resistance.  As  the  voltage  is 
gradually  raised  the  tube  current  remains  very  small  until 
the  breakdown  potential  is  reached.  Once  breakdown  has 
occurred  the  tub®  current  rises  rapidly  so  that  the  major 
voltage  u. s across  the  high  resistance  and  the  voltage  drop 
across  the  tube  is  relatively  small.  If  the. high 
resistance  is  properly  chosen  the  resulting  glow 
discharge  operates  immediately  after  breakdown  in  the 
normal  discharge  region.  In  this  region  the  voltage  drop 
across  ths  tube  is  independent  of  tube  current  because  of 
the  fast  that  the  cathode  is  not  completely  covered  by 
the  ^Ascharge,  3*4,  As  the  power  eupply  voltage  is 
increased  the  voltage  drop  across  the  tube  remains 
constant  and  the  tube  current  increases  until  a point 
is  reached  at  which  further  increase  in  current  causes 
an  increase  in  tube  voltage.  This  is  the  point  at  which 
the  cathode  becomes  completely  covered  by  the  glow.  A 
convenient  test  for  complete  cathode  coverage  can  be 
made  by  determining  tubs  voltage  as  a function  of  tube 
current.  A graph  of  voltage  vs.  current  exhibits  an 
abrupt  change  in  slope  when  complete  coverage  is 
reached.  The  results  of  two  such  determinations  using 
a platinum  cathode  are  given  in  Table  1.  From  the 
results  of  experiment  A it  is  evident  that  at  «ube 
currents  below  1 miXliamper©  the  discharge  id  4fc  the 
normal  region  and  at  tube  currents  above  1 raa  in  the 
abnormal  region*  The  "normal"  potential  fall  is  355 
volts.  The  flat  region  from  2,5  to  3eO  is 
interpreted  as  being  due  to  the  cathode  glow  spreading 
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TABUS  I 


TUB*  VOLTAGE  AS  A FUNCTION  OF 
TUBS  CURRENT  AT  TWO  PRESSURES 


* JfcV 


Tube 

Tube 

Tube 

Tube 

Current 

Voltage 

Current 

Voltage 

(at) 

<v) 

(aa) 

(v) 

0.4 

355 

0*5 

355 

0.6 

355 

0.6 

355 

o.d 

355 

0.8 

360 

1.0 

355 

1.0 

365 

1*5 

365 

1*5 

375 

2.0 

375 

2.0 

385 

2.5 

380 

2.5 

400 

3.0 

380 

3*o 

415 

3.5 

385 

3*5 

430 

4.0 

395 

4.0 

445 

4.5 

400 

4.5 

460 

5.° 

405 

5.0 

475 

6.0 

420 

6.0 

500 

7.0 

435 

7.0 

525 

8.0 

445 

8*0 

550 

9.0 

460 

9.0 

555 

10.0 

475 

10.0 

580 

11.0 

485 

12.0 

660 

12,0 

490 

*Oxygen  pressure#  0,8  ma.  85*000  ohm  aeries  resistance. 
Tubs  fired  at  650  volts  and  tuba  voltage  dropped  to  385 
(3*1  ma) . Power  supply  voltage  then  reduced  until  tube 
current  reaehed  0.4  ma. 


Oxygen  pressure  *£0.5  mm.  50.000  ohm  aerie  a reaiattance* 
Tube  fired  at  600  volts  and  tube  voltage  dropped  to  425 
(3.6  ma) . Power  supply  voltage  then  reduced  imtAtf$bube 
current  reached  0.5  ma. 


Ft  Cathode  area  3 in  both  cases. 
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ever  the  reverse  side  of  the  cathode . The  results  of 
experiment  B performed  at  lover  oxygen  pressure 
indicate  a "normal*  potential  fall  of  355  volts  and 
eoaplete  cathode  coverage  above  0«6  na  tube  current. 
According:  to  the  so-called  "similarity  principle"  the 
cathode  fall  in  potential  is  a function  of  current 
density  divided  by  the  square  of  the  pres sure? *10, 

Since  most  of  the  ttibe  Voltage  drop  is  across  the 
cathode  layer  the  current  density  which  marks  the 
transition  between  normal  and  abnormal  regions  can  be 
computed  from  the  results  of  others  (see  ref.  3, 
page  57$)  and  compared  with  the  observations  of  Table 
I.  Agreement  is  fairly  good  and  provides  confirmation 
of  the  interpretation  of  the  results  of  Table  I* 

Having  determined  the  current  and  voltage  which 
mark  the  transition  from  normal  to  abnormal  glow 
discharge  the  question  now  arises  as  to  the  most 
favorable  conditions  for  discharge  operation  in  an 
oxidation  experiment.  In  order  to  achieve  uniform 
oxidation  of  the  cathode  it  is,  of  course,  essential  to 
have  the  cathode  covered  by  the  glow.  Oxidations  are 
therefore  carried  out  by  operating  in  the  abnormal 
glow  discharge  region  far  enough  to  insure  complete 
cathode  coverage,  but  not  far  enough  to  cause  cathode 
sputtering.  A tube  voltage  about  fifty  volts  above 
that  for  normal  operation  is  satisfactory  and  has  been 
used  in  most  of  our  experiments.  In  practice  the  high 
resistance  in  series  with  the  discharge  is  so  selected 
and  the  power  supply  is  so  adjusted  that  immediately  on 
throwing  a svrltcn  the  breakdown  potential  is  exceeded 
and  the  tube  voltage  adjusts  to  50  volts  above  normal. 

It  Is  useful  to  have  the  point  of  complete  coverage 
as  a reference  since  this  can  be  determined  with  any 
tube  geometry,  and  by  operating  at  a voltage  exceeding 
the  normal  by  some  fixed  amount,  such  as  50  volts* 
comparable  conditions  for  oxidation  can  be  obtained  in 
tube®  with  different  dimensions.  The  experiments 
described  above  Indicate  how  discharge  conditions  are 
adjusted  with  at;ube  of  the  type  of  Fig.  IB.  In  the 
case  of  a tube  such  as  that  of  Fig.  1C  for  the  study  of 
silver  films  it  is  not.  convenient  to  substitute  platinum 
for  silver.  Hence  the  discharge  conditions  were 
adjusted  by  a determination  of  current  versus  voltage 
using  a silver  cathode.  Transition  from  normal  to 
abnormal  glow  discharge  could  still  be  detected  despite 
the  accompanying  oxidation  of  silver,  and  discharge 
conditions  were  fixed  in  accordance  with  these  results. 


These  determinations  are  more  approximate  than  those 
described  above  for  the  tube  of  Pig.  IB.  Nevertheless, 
it  is  possible  by  visual  observation  to  confirm  that 
the  cathode  is  covered  by  the  glow  and,  since  the 
results  of  Section  h show  that  the  oxidation  products 
are  rather  insensitive  to  oxidation  method,  we  believe 
that  the  method  is  adequate.  With  this  explanation 
out  of  the  way  we  now  proceed  to  discuss  the  oxidation 
process  using  again  the  tube  of  Pig.  IB  but  now  with 
a silver  cathode* 

It  might  be  thought,  that  uniformity  of  oxidation 
on  a silver  cathode  would  be  favored  by  the  faet  that, 
the  oxide  is  a poor  conductor.  If  a th5  ,k  .patch  of 
oxide  were  to  form,  then  current  density  through  the 
patch  would  be  reduced,  because  of  the  high  resistance, 
while  current  density  in  the  remaining  areas  would 
remain  high,  thus  tending  to  retard  trie  oxidation  rate 
in  the  thick  area  more  than  in  the  thin*  The  oxidation 
would  then  be  self-regulating  to  some  degree.  Once 
oxidation  has  been  initiated  it  does  indeed  tend  to 
proceed  uniformly.  The  above  view  implies,  however, 
that  oxidation  is  caused  bv  the  bombardment  of  the 
cathode  with  positive  ion®  (perhaps  0?) , 
and  this  is  certainly  an  oversimplification  as  is 
shown  by  the  following  facts  and  by  others  to  be 
described  later. 

In  the  first  stages  of  oxidation,  uniformity  is 
greatly  influenced  by  previous  treatment  of  the  cathode* 
Under  certain  circumstances  the  initial  oxidation  is 
markedly  nonuniform.  This  has  been  particularly 
noticeable  with  certain  evaporated  thick  silver 
(i\*  10,000  A)  films.  It  is  found  that  uniformity  is 
improved  in  almost  all  cases  by  first  oxidising  and 
then  decomposing  the  oxide  by  heating  to  temperatures 
above  2?5°C.  After  one  or  more  cycles  of  this  treatment 
there  is  a marked  improvement  in  imiformity.  This  has 
been  used  in  the  oxidation  of  both  silver  sheet  and  thick 
evaporated  silver  films  with  good  results. 

Other  investigators  have  previously  remarked  about  this 
fact. 


Impurities  also  seem  to  affect  uniformity  of 
oxidation  under  certain  circumstances.  During  the  course 
of  preparing  a series  of  photoeathodes  on  bases  made  up 
of  silver  sheet  (**aassive  cathodes*)  it  was  observed  that 
a thin  film  of  white  solid  formed  within  the  tube  while 
sealing  off  the  end  after  introducing  the  cathode 
element.  During  the  subsequent  outgassing  at  high 
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temperature  the  white  solid  distils  into  the  vacuum 
manifold.  The  solid  is  water  soluble  and  it  has  been 
found  that  rinsing  the  tube  with  distilled  water  ^ust 
prior  to  final  mounting  cn  the  vacuum  system,  for 
out  gassing  and  photo  tube  preparation,  results  in  a 
silver  surface  which  is  consistently  oxidised 
uniformly  by  the  dc  glow  discharge.  In  this  case  a 
slight  impurity  seems  to  markedly  affect  the  uniformity 
of  oxidation. 

The  initial  oxidation  of  thick  evaporated  silver 
films  sometimes  starts  on  small  areas,  almost  points, 
in  such  a way  as  to  strongly  suggest  a nucleation 
process  such  as  is  frequently  observed  in  the  first 
formation  of  a solid- phase.  Nucleation  as  an  initial 
step  is  also  compatible  with  the  observation  that 
uniformity  of  oxidation  is  affected  by  impurities. 

One  such  case  is  mentioned  above,  and  such  behavior 
may  be  of  frequent  occurrence,  these  extreme  examples 
of  nonuniform  oxidation  are  certainly  quite  different 
from  anything  which  might  be  deduced  from  the  simple 
conception  of  a uniform  positive  ion  bombardment  of 
a uniform  silver  film  with  a definite  fraction  of  ions 
combining  with  silver  to  produce  the  oxide* 

Preparation  of  the  silver  cathode  is  of  decisive 
importance,  and  unfortunately  this  is  one  of  the 
operations  which  is  least  well  understood  in  the  whole 
process  although,  as  stated  earlier,  some  effective 
practical  measures  can  b©  taken  to  prepare  the  cathode 
for  uniform  oxidation.  The  observations  quoted  above, 
being  qualitative  and  fragmentary,  certainly  cannot 
be  considered  as  proof  that  a nucleation  process  is 
rate  determining  Th  tTio  initial  stage  of  silver  oxidation. 
The  idea  is  advanced  as  a tentative  hypothesis,  however, 
not  alone  on  the  basis  of  these  observations  but  also 
because  of  a mass  of  evidence  to  be  discussed  later  in 
this  report.  No  conclusive  proof  of  the  mechanism  is 
available,  so  the  hypothesis  must  be  considered  a 
tentative  one  whose  chief  support  comes  from  the  fact 
that  it  coordinates  to  some  degree  a considerable  body 
of  information  which  would  otherwise  be  completely 
confusing*  The-  matter  is  again  discussed  in  Section  4* 

From  the  above  discussion  it  i3  evident  that 
pre-treatment  of  the  cathode,  together  xdth  complete 
cathode  coverage  by  the  glow,  tends  to  favor  uniformity 
of  oxidation*  when,  however,  we  wish  to  compare 
oxidations  carried  out  in  two  tubes  with  different 
dimensions  and  geometrical  arrangements,  then  how  can 


we  be  sure,  not  only  that  oxidation  occurs  uniformly 
in  each  case,  but  that  conditions  within  the  discharge 
near  each  cathode  are  also  the  same  so  that  the  solid 
products  of  oxidation  might  be  expected  to  be  the 
same?  It,  is  obviously  impossible  to  be  certain  that 
conditions  in  different  tube 3 are  exactly  the  same. 
Nevertheless , some  very  sensible  precautions  can  be  taken 
in  advance.  In  order  to  indicate  clearly  the  nature  of 
these  precautions  it  is  necessary  to  discuss  further 
some  well-known  characteristics  of  glow  discharges  ♦ In 
glow  discharges  several  dark  spaces  occur  near  the  cathode. 
One  of  these,  the  Crookes  dark  space,  is  of  great 
importance  to  the  discharge  mechanism.  Thi3  dark  space 
is  followed  by  a thin  luminous  layer  (the  negative  glow) 
and  then  by  another  dark  apace  (the  Faraday  dark  space). 
Beyond  the  Faraday  dark  space,  in  the  direction  of  the 
anode,  there  comas  the  positive  column  from  which  the 
greatest  radiation  emission  occurs.  This  region  makes 
up  the  btilk  of  the  discharge  and  gives  the  discharge 
its  characteristic  visual  appearance.  If,  without 
change  in  Pressure,  the  anode  is  moved  away  from  the 
cathode  the  positive  column  becomes  longer  arid  the 
voltage  required  to  maintain  the  discharge  is  slightly 
increased  by  an  amount  equal  to  the  IR  drop  across  the 
added  length  of  positive  column.  The  discharge  is 
otherwise  unchanged.  In  particular,  the  thickness  of 
the  dark  spaces  and  the  negative  glow  are  unchanged. 

It  is  further  known-*  that  the  voltage  drop  across  the 
positive  column  is  much  smaller  than  that  acro.S3  the 
Crookes  dark  noace.  In  fact,  almost  the  whole  potential 
drop  is  across  the  Croo'-es  dark  3pace.  There  is  also 
the  find  fact  that,  in  the  immediate  neighborhood  of  the 
cathode  the  chief  current,  carriers  are  positive 
of  which  the  bulk  probably  have  a single  positive  charge* 
As  much  as  95 % of  the  current  flow  mav  bo  due  to 
positively  charged  ions. 

uh  are  now  in  position  to  inquire  into  the 
Question  of  what  molecular  species  ~vy  be  the  active 
oxidising  agents.  Neutral,  unexcited,  oxygen  molecules 
can  be  eliminated  at  once  since  a large  mass  of  chemical 
evidence  indicates  that  oxygen  does  not  readily  react 
with  metallic  silver  at  room  temperature  or  even  at  high 
temperatures.  The  active  agents  must  then  be  excited 
oxygen  molecules,  their  dissociation  products  (atoms), 
or  positive  ions  which  are  continually  accelerated  to  the 
cathode  with  considerable  kinetic  energies.  Consider 
first  the  positive  ions.  The  average  kinetic  energy  with 
which  these  strike  tk,e  cathode  is  determined  by  the 
acceleration  between  collisions  and  thin  is  determined 
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by  the  product  of  field  strength  by  the  mean  free  path. 

In  comparing  two  different  tubes,  the  mean  free  paths 
are  eou*l  if  the  pressure s:  are  equal.  In  order  that  the 
field  strengths  in  the  vicinity  of  the  cathode  be  also 
nearly*' e qua  1;  even  with  different  tube  designs,  two 
conditions  must  be  met..  First, 

distance  must  considerably  exceed  the  thickne ss w6f • 
the  dark  soace.  Since  this  thickness  is  only  a 
fraction  of  a millimeter  at  1 rara  pressure,  this 
condition  is  easy  to  satisfy.  The  second  condition  i3 
that  tho  potential  drop  across  the  Crookes  dark  space 
should  be  the  same  for  the  two  tubes.  Since  the  largest, 
potential  drop  is  that  across  the  Crookes  dark  space 
this  will  be  nearly  satisfied  if  the  tube  voltages  are 
equal.  It  would  bo  more  accurate  to  make  the  current 
densities  equal  since  from  the  "Similarity  Principle" 
the  cathode  fall  in  potential  would  then  tend  to  be 
the  same  in  the  two  cases10.  Location  of  the  voltage 
which  divides  the  normal  from  the  abnormal  region  and 
operating  at  a fixed  amount  above  this  voltage 
accomplishes  the  same  end.  It  follows  that  methods  are 
available  by  which  discharge  conditions  can  be  so 
adjusted  that  even  with  rather  different  tube  designs 
positive  ions  are  accelerated  to  the  cathode  with 
nearly  equal  kinetic  energies.  Thus  the  oxidation 
products  which  result  from  positive  ion  bombardment, 
are  expected  to  be  the  some. 

Oxidation  bv  electrically  neutral  but  excited 
oxygen  molecules  involves  a similar  situation.  If  we 
suppose  that  conditions  are  adjusted  as  above  so  that 
the  cathode  fall  in  potential  is  the  same  in  two  tubes, 
then  the  rates  of  production  of  excited  species  near 
the  cathode  should  also  be  the  same  3ince  the  same 
conditions  for  excitation  prevail.  The  chief  differences 
lie  in  the  different  magnitudes  of  the  positive  columns. 
The  thickness  of  the  Crookes  dark  space  for  an  oxygen 
glow  discharge  lies  between  50  and  100  molecular  mean 
frec*  path  lengths1  . If  the  positive  column  in  each 
case  is  made  more  than  ten  times  the  thickness  of  the 
Crookes  dark  soace,  then  excited  species  produced  in 
the  outermost  portion  of  the  positive  column  could 
reach  the  cathode  only  after  undergoing  at  least  50C 
collisions.  It  seems  reasonable  that  the  probability 
of  deactivation  on  collision  is  sufficiently  high  so 
that  excited  soecies  produced  far  out  in  the  positive 
column  are  deactivated  before  reacting  the  cathode. 

Thus  further  increase  in  the  cat node -anode  distance 
would  have  little  effect  on  cathode  oxidation  since 
this  only  increases  the  positive  column.  Other  short- 
lived species  produced  in  tha  positive  column  would 
behave  similarly. 
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It  thus  appears  that  oxidising  conditions  at 
the  cathode,  due  to  positive  ions  or  to  short-lived 
neutral  species  produced  either  near  the  cathode  or 
in  the  positive  column,  are  not  sensitive  to  changes 
in  cathode-anode  distance  under  the  above  conditions* 

For  the  purposes  of  the  present  investigation  it  was 
^ essential  to  utilize  somewhat  different  tube  designs 
fdr  different  experimental  purposes,  and  the  above 
characteristics  of  the  d£  gXoif  discharge  seemed  to  make  . 

It  better  suited  to  our  purposes  than  any  other  oxidation 
method.  The  tubes  used  were  not,  radically  different  but 
some  differences  proved  to  be  essential.  It  was  not 
possible  to  study  systematically  the  effect  of  every 
variable  in  the  glow  discharge  ana  so  the  procedure 
outlined  above  was  adopted.  This  procedure  still  has 
the  defect  that  trie  portion  of  oxidation  brought 
about  by  very  long-lived  species,  produced  in  the 
positive  column,  will  differ  from  one  tube  design  tc 
another.  Other  oxidation  methods  which  have  been 
considered  do,  however,  have  additional  disadvantages. 

It  is  clear  from  the  above  discussion  that  although 
sensible  precautions  can  be  taken  which  insure  that 
conditions  in  the  vicinity  of  the  cathode  (within  a 
centimeter,  say}  are  very  nearly  the  same  with  different 
tube  designs,  nevertheless  it  cannot  be  proven  that- the 
oxidation  products  are  the  same  except  by  analysis  of 
the  products.  The  x-ray  investigation  of  Section  4 is, 
therefore,  of • -particular  interest  since  the  oxidation 
products  are  directly  studied.  In  subsequent  Sections 
some  of  the  above  points  are  discussed  again  in  connection 
with  the  description  of  pertinent  experimental  results. 


3*2  Tube  Element  Oxidation 

Since,  in  the  photocathode  composition  studies  using 
a radioactive  cesium  tracer,  it  was  necessary  to  have 
oxygen  deposited  only  on  the  cathode  surface,  and  not  on 
support  wires,  etc.,  a series  of  tests  were  performed  on 
the  deposition  of  oxygen  on  several  raetals  which  might 
serve  to  support  the  cathode  and  other  tube  elements. 
Platinum  and  tantalum  were  of  particular  interest. 
Experiments  wore  not  performed  using  nickel  since,  In 
the  process  of  preparing  experimental  tubes,  it  had 
already  been  observed  that  nickel  wire  anodes  were 
appreciably  oxidized. 

In  a series  of  experimental  tubes  a silver  disc, 
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a platinum  disc,  and  a tantalum  disc  were  oxidized 
in  a dc  glow  discharge  under  similar  conditions, 
and  the  pressure  decrease  in  the  system  caused  by 
oxygen  deposition  determined.  In  addition  an  oxidation 
was  performed  under  similar  conditions  using  a tube 
with  short  tantalum  electrodes  to  determine  whether 
an  appreciable  amount  of  oxygen  could  be  deposited  on 
the  glass*  The  results  of  these  experiments  were  as 
follows: 
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It  is  clear  that  tantalum  Is  less  oxidized  than  either 
of  the  other  two  metals.  As  the  result  of  these 
experiments  tantalum  has  been  adopted  as  the  metal  from 
which  the  anode  and  cathode  supports  are  .formed  in 
experimental  phototubes. 


3.3  Oxidation  of  Massive  Silver. 

Oxygen  Deposition  and 
Current  Efficiency. 

It  Is  well  known  that  color  changes  accompany  the 
oxidation  of  silver  sheet  in  a glow  discharge.  As  silver 
is  oxidised  the  surface  color  passes  through  the 
sequence  yellow,  red,  blue  for  several  cycles.  The 
surface  color  is  sometimes  used  in  practice  as  a means 
of  controlling  the  extent  of  oxidation1^ 14,  We  have 
found  that  the  number  of  cycles  observed  depends  on  how 
uniformly  the  silver  base  is  oxidized.  Silver  sheets 
which  have  been  repeatedly  corroded  by  glow  discharge 
oxidation  frequently  can  be  made  to  pass  through  three 
and  even  four  cycles  of  color  changes  before  the  final 
black  oxide  surface  is  formed.  In  the  absence  of 
repeated  oxidation  and  thermal  decomposition  only  two 
cycles  are  normally  observed. 

In  view  of  the  fact  that  surface  color  change  is 
sometimes  used  as  a means  of  controlling  the  extent  of 
oxidation  it  has  seemed  worthwhile  to  collect  data  on 
the  amount  of  oxygen  taken  up  on  oxidation  to  a given 
surface  color.  The  amounts  of  oxygen  corresponding 
to  the  different  colors  have  been  determined  in  two 
experiments  which  are  described  below.  These 
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also  throw  some  additional  light  on  the 
mechanism  of  the  oxidation  process. 

li  Is  found  that  the  oxidation  of  silver  cathodes 
proceeds  rather  rapidly.  In  order,  therefore,  to 
obtain  reliable  pressure  measurements,  which  require 
considerable  time,  silver  cathodes  have  been  oxidized 
bv  switching  the  power  supply  on  for  a short  period 
of  time.  ‘ It  is  then  shut  off  and.  the  pressure 
remeasured.  This  process  is  then  repeated.  The  results 
obtained  in  a series  of  such  measurements  are  given  in 
Table  II.  The  results  of  a second  set  of  measurements 

¥erformed  several  months  later  are  given  in  Table  III. 

hese  experiments  were  carried  out  using  vacuum  system 
II  and  the  tube  of  Pig.  IB  with  a cathode  in  the  form 
of  a disc  cut  from  a silver  sheet.  The  pressure 
changes  were  measured  with  the  micro  Pirani  gauge  and 
are  determined  with  considerable  accuracy.  Although 
the  actual  pressures  may  be  subject  to  an  error  of  one 
unit,  in  the  second  decimal  place,  the  pressure  changes 
are  orobably  reliable  to  £ 0.0005  ram.  This  follows 
because  the  Pirani  is  a differential  gauge  which  was 
calibrated  by  repeated  expansion  of  a large  gas  volume 
into  a volume  made  slightly  larger  by  an  attached  tube 
of  small  volume.  Since  both  volumes  can  be  accurately 
measured,  very  small  pressure  changes  can  be  determined 
with  high  Precision.  The  percentage  accuracy  with 
which  a pressure  change  can  be  measured  is  virtually 
equal  to  the  percentage  accuracy  in  the  initial  pressure 
value.  The  variables  of  Tables  II  and  III  have  the 
.following  meanings. 

Pa  oxygen  pressure  in  mm  of  Hg, 

AP  = change  in  pressure  during  the  interval  in 
which  the  discharge  is  on. 

' At  a time  interval  during  which  the  discharge 
operated  to  produce  pressure  change  AP. 
i * total  operation  time  for  discharge,  i.e. 

the  sum  of  previous  time  increments  At. 

I s tube  current  (milliamperes)  while  discharge 
was  on. 

AM0  •mass  of  oxygen,  in  micrograms,  deposited 
* on  cathode  during  time  interval  At.  This 
is  calculated  from  the  perfect  gas  law 
using  the  known  pressure  decrease  A? 
together  with  the  volume  and  the  temperature, 
Mq,  *mass  of  oxygen  on  cathode,  i.e.  the  sum  of 
all  previous 

A mass  of  ions  reaching  cathode  in  time  At 
x as  computed  from  the  tube  current  and  time 
increment&t  assuming  that  at  the  cathode 
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TABL-2  II.  SURFACE  COLOR  CHANGE  AS  A 

FUNCTION  OF  EXTENT  OF  OXIDATION 
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TABLE  II.  (Continued) 
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TABLE  III.  SURFACE  COLOR  CHANGE 

VS.  EXTSIJT  OF  OXIDATION 
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all  current  is  carried  by  positive  IpNpIfe  • 
M+s  sum  of  previous  increments  A M,,;, 

AMo  -b . ■ •- 

ijrjrrx-  s oxidation  efficiency,  i.e.  the  ratio  of 
oxygen  deposited  on  cathode  to  that 
reaching  electrode  by  conduction  in  time 
■ interval  At*  ' 

m02  - • : 

\ ..  y*  y * cumulative  oxidation  efficiency. 


Several  rather  interesting  facts  ire  obtained  from 
these  results*  In  the  first  place  the  amount  of  oxygen 


per  square  centimeter  at  each  color  is  of  imterastf^for 
convenience  these  have  been  compiled  in  Table  JT»  ' The/  ~ 
result b at  comparable  colors'  in  the  two  experiments'  -::;1IS|| 
a«ree  only  roughly . as  might  be  expected*  The  trends  "W& 
with  increasing  oxidation  differ  in  the  two  eases*.  ^ - 
Whether  the  differences  are  due  to  difference  in  cathode 
preparation  or  to  gas  pressure  and  current  density  la  . 
not  definitely  known.  In  subsequent  experiments 
has,  however,  been  observed  in  oxidations  to  the  x&send 
ye Utew  that  the  amounts  of  oxygen  may  differ  consldiambly. 


Cathode  color  is,  therefore,  only  a very  rough  xaeahs  'for 
control  of  the  extent  of  oxidation.  This  agrees  with  the 
results  of  others***. 

It  has  been  reported  by  Tlapfcina  and  Damiov?^tikt 
the  oxidation  of  silver  in  a glow  discharge  obeys  the 


parabolic  law,  i.e.  the  square  of  M«2  is  a linear  fttsifctit 
t*  The  data  of  Table  a II  and  III  do  not  accurately 
law. graph  of  Hq2  vs*  t does,  howeterp|ive 
a curve  whose  shape  roughly  resembles  a parabola*  ’ 

The  result  is  at  least  approximately  that  which  is 


expected  fcr  a diffusion  controlled  chemical  reaction* 
'Hie  diffusion  presumably  takes  place  through  the  oxide 
layer,  the  moving  species  probably  being  silver  ion 
since  this  is  the  smallest  ion  involved.  Although  the 
data  do  not  prove  that  the  reaction  is  diffusion 
controlled,  they  arc  at  least  in  rough  agreement  with 
this  Idea*  Exact  agreement  with  the  simplest  theory 
based  on  a uniform  layer  can  hardly  be  expected  since 
it  has  been  shown  by  mstallographic  examination  that 
islands  of  silver  remain  behind  completely  surrounded 
by  oxide  (see  ref.  1).  The  oxidation  of  silver  wires 
apparently  proceeds  by  corrosion  along  grain  boundaries 
(see  ref*  1}  and  hence  is  irregular*  Under  these 
conditions  no  simple  law  can  be  expected  to  fit  the 
data*  Despite  the  lack  of  an  unambiguous  proof  it  seems 
very  likely  that  diffusion  occurs. 

The  oxidation  efficiency  tends  to  be  above  100# 
in  the  Initial  stages  of  oxidation.  If  this  result  is 
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TABLE  IV.  AMOUNT  OF  OXYGEN  AT  EACH  SURFACE  COLOR 
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reliable  the  Implication  ie  that  the  amount  of  oxygen 
reaching  the  cathode  Jay,  electrical  conduction  is  too 
email  to  account  for;  the  extent  of  oxidation  in  the 
initial  phase  of  oxidation . The  error  in  time 
measurements  is  probably  0,2  second  and  that  in  pressure 
change  less  then  10#,  At  the  smallest  time  intervals 
7 this  introduces  an  error  into  the  efficiency 

: measurement  of  about  20#*  The  efficiency  exceeds  100 
by  more  than  this  amount  and,  moreover,  the  same 
tendency  is  observed  in  two  sets  of  measurements  - s-> 
that  we  are  inclined  to  thirik  that  the  results  are  ; 
significant  although  not  very  accurate.  This  view  is 
considerably  reinforced  by  the  observation  that  a 
silver  sheet  is  oxidised  in  a glow  discharge  even  when 
it  is  made  the  anode.  In  fact,  oxidation  occurs  even 
when  the  silver  is  not  an  electrode  (see  ref,  1#)* 

This  certainly  demonstrates  that  some  species  other 
than  0 2 contributes  to  the  oxidation  process.  Since 
this  is  Just  what  is  required  to  account,  for  oxidation 
efficiencies  greater  than  100#  the  results  of  Tables 
XI  and  III  seem  quits  reasonable, 

- It  is  to  be  noted  that  oxidation  efficiency  gods 
down  as  the  extent  of  oxidation  increases.  The  final ^ 
values  are,  however,  considerably  different  in  the 
two  experiments  as  is  evident  from  Tables  II  and  111, 

If  we  compare  the  amounts  of  oxidation  at  equal  times, 
however,  we  find  that  they  agree  at  least  roughly, 
even  though  the  tube  currents  differ  considerably, 

W©  do  not  know  whether  this  is  generally  the  case,  , v ? 


3 *it  Thermal  Decomposition  of  Oxide  “ . 

Numerous  reports  exist  in  the  literature  with  regard 
to  the  thermal  decomposition  of  silver  oxides.  In  the 
majority  of  the  experiments  an  approximate  decomposition 
temperature  is  defined  by  the  low  temperature  limit 
for  observable  decomposition  with  the  oxygen  pressure 
measuring  device  used.  The  oxide  film  formed  during 
the  glow  discharge  oxidation  of  silver  is  a polyphase 

?xide  or  a single  oxide  of,  probably*  trivalent  silver 
see  Section  4),  In  addition,  the  oxide  particle  sise 
is  generally  small  and  the  surface  area  orobably  large. 

Thus  it  would  be  incorrect  to  assume  that  the  decomposition 
characteristics  of  this  oxide  are  the  same  as  for  bulk  .A«2°* 
Moreover,  because  of  the  expected  effect  of  particle  sise 
oh  decomposition  rate  the  work  of  others  cannot  be  assumed 
to  apply  under  the  experimental  conditions  used  here. 


3« 


Consequently  a series  of  experiments  on  the  thermal 
decomposition  of  oxidised  silver  has  been  performed 
using  vacuum  system  II* 

In  a preliminary  series  of  experiments  the  oxide 
film  formed  on  a madsive  silver  disc  (tube 
of  Fig*  IB)  was  completely  decomposed  at  temperatnres 
greatcb  than.  300°C . The  decomposition  was  performed 
by  lowering:  a preheated  Quart*  tube  furnace  over 
the  evaeilated  tube  mounted  on  the  manifold,  and 
measuring  the  tube  temperature  and  oxygen  pressure  as 
a function  of  time*  The  oxygen  deposited  during  - ? 

oxidation  was  measured  with  the  micro  Pirani  gauge, 
while  the  oxygen  evolved  during  decomposition  was 
measured  with  the  D*P.I*  Pirani  gauge. 

Three  experiments  were  performed  and  the  results  ' 
are  given  in  Figp.  5,  6,  and  7*  It  must  be  emphasised 
that  these  data  were  taken  while  the  tube  waa  heating. 
Hence  the  pressure  was  changing  during  the  first  two*- 
thirds  of  the  interval.  The  graphs  of  pressure  vs* 
temperature  therefore  do  not  give  the  equilibrium 
- dissociation  pressures,  but  instead  give  the  pressure 
as  a function  of  the  temperature  at  the  instant  of 
measurement.  , From  the  data  it  appears  that  disaoclatlbh 
pressure  becomes  appreciable  at  a temperature  of  265°© 
under  the  conditions  of  these  experiments*  It  will  be 
shown  later,  however,  that  substantial  decomposition 
occurs  below  this  temperature  if  enough  time  is  allowed. 

The  results  of  the  material  balance  determinations"' 
on  the  same  samples  as  above  are  given  in  Table  V* 

Columns  four  and  five  give  the  pressure  drop  on  glow 
discharge  oxidation  and  the  pressure  Increase  bn  thermal 
decomposition  respectively.  The  latter  pressure  is  v 
corrected ' back  to  room  temperature  as  explained  in 
Section  2. 

It  seems  at  first  sight  that  approximately  10#  of 
the  oxygen  deposited  during  oxidation  was  not  recovered. 
From  observation  of  the  operational  characteristics  of 
the  Pirani  gauge  for  pressures  greater  than  20 
(which  must  be  measured  on  the  millimeter  pressure 
range  position)  it  is  extremely  probable,  however, 
that /the  major  portion  of  the  observed  discrepancy 
OvlO^}  arises  from  errors  in  the  gauge  calibration 
for  the  range  20  to  200  microns.  Actually,  considering 
the  gauge  calibraion  problem,  the  discrepancy  dees  not 
seem  serious.  This  remark  applies  only  to  the  D.P.I. 
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TABLE  Ye  SUMMARY  OF  RESULTS  FOR  MATERIAL 
BALANCE  EXPERIMENTS 
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He.  ... 
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gauge  used  to  measure  pressure  during  heating*  The 
pressures  in  column  four  were  determinded  using  the 
micro  Pirani  and  are  much  more  accurate. 

In  a second  series  of  experiments  the  rate  of 
decomposition  of  the  oxide  was  measured  at  250°,  200  , 
and  190°  C using  the  massiTe  silver  disc  tube  (Fig. 
with  silver  disc  cut  from  sheet  silver),  at  190°  C using 
a thick  evaporated  silver  film  cathode  tube  (Fig,  IB) 
such  as  was  used  in  the  radioactive  Cs  tracer 
experiments.  In  these  experiments  the  silver  disc 
was  first  oxidized  at  room  temperature  by  means  of 
a dc  glow  discharge.  After  oxidation  the  excess  oxygen 
was  pumped  out  and  the  tube  containing  the  oxidized  ' 
silver  disc  was  suddenly  immersed  in  a preheated  oil- 
bath  , The  pressure  was  then  followed  as  a function  of 
time  at  constant  temperature.  The  results  of  the 
decomposition  experiments  at  190°C  and  200°  C are  ghown 
in  Fig.  ft  and  at  250°  C in  Fig.  9.  The  rate  of 
decomposition  at  190°  C ie  quite  small.  A rapid  rise 
in  the  oressure,  as  shown  in  Fig.  ft,  occurs  during  the 
initial  heating  of  the  tube  in  the  oil  bath.  This 
initial  rise  is  probably  associated  with  the  desorption 
of  a fractional  mono  lave  r of  oxygen  on  the  tube  walls. 

It  appears  highly  probable,  from  the  data  presented 
later  on  the  development  of  photoemission  and  thermionic 
emission  during  cesium  addition,  that  the  loss  of  oxygen 
from  the  surface  by  silver  oxide  decomposition  must,  be 
very  small  during  the  cesium  addition  to  massive  silver 
cathodes.  In  the  case  of  oxidized  thin  silver  films  no 
experiments  have  been  performed. 


3.5  Oxidation  of  Thin  Films.  , 

According  to  on»  method  for  the  preparation  of 
semitransparent  photocathodes  a silver  film  is  evaporated 
on  glass  until  the  white  light  transmission  is  reduced 
to  50$.  The  film  is  then  oxidized  until  the  transmission 
increases  to  90 w.  The  remaining  fabrication  steps  are 
then  carried  out.  Since  it  was  of  interest  to  studv 
nhotocathodes  fabricated  in  this  way,  light  transmission 
has  been  used  as  the  means  of  contrblling  both  the  silver 
film  evano ration  and  the  subsequent  oxidation. 

At  the  beginning  of  the  project  it  was  assumed  that 
increased  oxidation  of  a silver  film  was  accompanied  by 
rr increased  light -transmission.  With  the  oxidation  methods 
then  in  use,  however,  oxidized  films  exhibited  less  than 
90$  transmission.  More  extensive  oxidation  did  not  increase 
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the  transmission.  The  first  clue  to  an  understanding  of 
this  observation  came  during  the  ozone  oxidation  of 
silver  films  of  graded  thickness  (see  Section  4).  Certain 
sections  of  these  films  were  oxidized  to  90 S*  transmission 
and,  moreover,  it  was  found  on  x-ray  examination  that,  the 
films  contained  ailver  so  that  the  oxidation  was  certainly 
not  complete.  On  the  other  hand,  films  which  had  been 
heavily  oxidized  in  an  rf  discharge  contained  no  silver 
and  had  transmissions  considerably  less  than  90  *>.  Thus 
complete  oxidation  produced  a film  of  low  transmission. 

This  suggested  at  once  that,  a maximum  in  transmission  is 
to  be  expected  as  oxidation  preceeda.  This  was  confirmed 
by  means  of  investigations  using  a silver  wedge  type  tube 
(Pig.  1C)  and  a dc  glow  discharge.  The  results  obtained 
in  a tynical  run  are  shown  in  Pig.  4.  A maximum 
transmission  is  obtained.  This  experiment  is  described 
in  more  detail  in  Section  4.33  where  the  results  of  an 
x-ray  diffraction  investigation  are  also  given.  The 
conditions  used  in  the  preparation  are  given  in  Table 
tm  tube  19-27-15-3 ♦ A maximum  in  transmission  is 
obtained  in  the  oxidation  of  silver  films  whether 
evaporated  slowly  (300  sec)  or  rapidly  (15  rec). 
Transmissions  wore  measured  with  white  light  and  with  an 
S-4  surface  as  detector.  By  means  of  an  x-ray  studv 
(see  Section  4)  it  has  been  demonstrated  that  thin  films 
oxidized  by  the  dc  glow  discharge  contain  unoxidised  silver. 
The  thermal  decomposition  of  oxidized  thin  silver  films  has 
not  been  studied. 

In  the  next  section  it  is  pointed  out  that  the 
presence  of  an  unoxidised  residue  of  silver  in  a thin  film 
indicates  that  isolated  silver  grains,  not  in  contact  with 
others,  were  contained  in  the  original  film.  In  thicker 
films  where  grain  contact  is  established  the  maximum  in 
transmission  may  not  form,  although  we  have  not  tested 
this  by  experiment. 


3.6  Silver  Film  Orientation. 

In  considering  the  production  of  the  ohotocathode 
it  is  of  interest  to  know  whether  crystal  orientation  of 
an  evaporated  silver  layer  has  any  effect  on  crystal 
orientation  in  the  oxide  surface  formed.  Consequently 
an  x-ray  diffraction  investigation  of  the  oxide  surface 
formed  on  oriented  and  nonoriented  silver  films  was 
undertaken.  This  study  was  performed  under  a previous 
contract  and  the  results  have  already  been  described  in 
a previous  report'10.  A brief  summary  is  given  here, 


46 


hi 


Time  (sec.) 


■ i -f 

V 

however,  for  the  Bake  of  completeness. 

Unofiented  and  oriented  silver  .films  were  prepared 
fcjr  the  evaporation  of  silver  on  glass  and  rocksalt 
anhstrate*  respectively16.  The  films  were  partially 
oxidised  In  a glow  discharge  in  oxygen  at  0.3  • 0.75 
am  Hg,  and  the  resultant  films  were  examined  by  the 
X-ray  diffraction  method  previously  described.  The 
x-ray  photographs  clearly  demonstrated  that  the  oxide 
film  in  both  cases  did  not  have  any  preferred  orientation# 

In  the  preparation  of  the  Ag-O-Cs  photo cathode  the 
base  silver  may  be  of  several  types,  namely:  silver 
sheet,  evaporated  or  sputtered  silver  films,  and  silver 
films  obtained  by  chemical  methods.  Photocathodes 
produced  by  these  various  methods  of  substrate  formation 
are  said  to  possess  essentially  the  same  photosensitive 
characteristics.  Thus,  since  the  silver  oxide  surface 
formed  consists  of  randomly  oriented  oxide  grains,  the 
conclusion  suggested  is  that  the  structure  of  the  oxide 
film  with  which  the  cesium  reacts  should  be  independent 
of  the  structure  of  the  silver  base.  It  is,  however, 
shown  later  (Section  4,5)  that , contrary  to  the  above, 
th*  structural  characteristics  of  the  substrate  mav 
exert  a profound  effect  upon  the  formation  and  photoelectric 
properties  of  the  surface.  The  above  x-ray  results  3how, 
however,  that  tbig  influence  is  not  due  to  preferred  crystal 
orientation. 


. . ......  

4*  NATURE  OF  OXIDATION  PRODUCTS 

In  the  preceding  section  the  method  of  oxidising 
silver  by  means  of  the  de  glow  discharge  has  been  discussed. 
The  oxidation  efficiency,  thermal  decomposition,  and  other 
pertinent  facts  have  been  described.  Those  results  tell  us 
very  little,  however,  about  the  nature  of  the  oxidation 
products.  In  order  to  obtain  this  information  the  x-ray 
study  which  is  described  in  the  present  section  was 
undertaken.  The  principal  objective  of  the  Btudy  was  to 
obtain  x-ray  powder  diffraction  patterns  for  oxidation 
products  prepared  in  various  ways  and  to  compare  the 
observed  patterns  with  those  for  the  known  oxides  of  silver 
for  the  purpose  of  identifying  the  solid  phases  present. 

Th«'  oxidation  of  massive  silver  was  studied  under  a previous 
contract  and  the  results  have  been  described  in  another 
report1.  During  the  present  contract,  reasons  have  arisen 
for  further  study  of  the  oxidation  of  thin  silver  films. 

The  results  of  the  investigation  performed  under  this 
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contract  arc  given  in  Section  4.3.  For  the  sake  of 
completeness  a review  of  the  work  performed  under  the 
previous  contract1  is  given  in  Section  4.2.  For 
comparison  purposes  the  powder  diffraction  patterns 
for  silver  and  for  the  known  oxides  of  silver  are 
given  in  Section  4.1. 


4*1  Powder  Diffraction  Patterns 

for  Silver  and  Silver  Oxides  . 

In  a previous  report1  the  interplanar  spaqings 
and  Intensities  (I)  have  been  given  for  Ag,  and 

AgO  respectively.  For  convenience  of  comparison  ligfeege 
data  are  reproduced  here  in  Tables  VI,  VII  and  YIllv''' 

It  is  worthwhile  to  note  that  the  formula  for  the  last 
of  these  substances  was  written  as  Ag202  in  the  earlier 
report1  and  the  substance  was  there  referred  to  as 
silver  peroxide.  During  the  present  contract  period  it 
was  recognised  that  the  substance  is  probably  not  a 
peroxide*  This  view  Is  strongly  indicated  by  the  work 
of  Tost1”  and  was  further  confirmed  by  a few  chemical 
experiments  on  a sample  of  the  same  material  as  that,  ' 
used  to  obtain  the  x-ray  powder  pattern  of  Table  VIII. 
This  material  dissolved  in  sulfuric  acid  to  form  a 
brown  solution,  and  this  solution  was  a sufficiently 
strong  oxidising  agent  to  oxidize  manganous  salts  to 
permanganate.  This  behavior  is  not  characteristic 
of  a peroxide,  but  it  agrees  very  well  with  the  behavior 
reported  for  solutions  containing  divalent  silver.  It 
seems  highly  likely,  therefore,  that  the  solid  contains 
divalent  silver  and  hence  the  symbol  AgO  more 
appropriately  describes  its  chemical  behavior* 

It  is  a well-established  fact1^»19s20>21,23 
that  monovalent  silver  ion  can  be  converted  to  trivalent 
silver  ion  In  solutions  which  are  treated  with 
sufficiently  powerful  oxidizing  agents.  The  oxide  to 
be  expected  with  trivalent  silver  is  Ag20*.  A reliable 
x-ray  powder  diffraction  pattern  for  Ag20j  is,  however, 
not.  available  because  of  difficulties  encountered  (by 
other  investigators)  in  the  preparation  of  pure  Ag20a. 
The  methods  used  for  the  preparation  (anodic  oxidatibn 
of  silver  using  aqueous  solutions  of  electrolytes 
containing  various  silver  salts  such  as  nitrates, 
chlorates  and  sulfates)  always  led  to  a product 
containing  significant  amounts  of  impurity  (nitrate, 


49 


r 

TABLE  VI.  INTERPLANAR  S PACINGS  AND  RELATIVE 
, INTENSITIES  FOR  METALLIC  SILVER 


hki  d/n  I (rel. ) 


111) 

2.359 

200 

2.0W 

220 

1.115 

511 

1.232 

222}  : 

LOO 

1.022 

331 

0.937 

L20 

0.914 

122) 

0.331 

333) 

0.7*6 

100 

bO 

bO 

60 

30 

10 

50 

50 

60 

70 


ffrv^r-r 


TABLE  mi.  POWDER  DIFFRACTION  DATA  FOR  AgO. 
-\r  ....  (Structure:  Unknown) 


No* 

r_d/n(A)  _ _.I 

(rel.) 

No... 

; dAi(A) 

1 (rel.) 

1 

2.73ft 

100 

26 

0.9871 

10 

2 

2.592 

27 

- 27 

0.9796 

5 

3 

2.382 

ft3 

2ft 

0.9712  ^ 

1 

4 

2.255 

33 

29 

0.9534 

4 

5 

r,  1*730 

15 

30 

0.9407 

* 29 

6 

1.6ft7 

50 

- 31 

0*9287 

29 

7 

1.662 

17 

32 

O.923O 

10 

ft 

1*611 

35 

33 

0.9103 

17 

9 

1.46ft 

31 

34 

0.ft965 

ft 

10 

1.445 

5ft 

35 

0.ftft31 

21 

11 

1.421 

14 

36 

0.ft724 

5 

12 

1.406- 

14 

37 

- 0.8661 

6 

13 

1.383 

53 

3ft 

0.8492 

23 

14 

1.347 

12 

39 

0.8379 

12 

15 

1.305 

17 

40 

0.8303 

15 

16 

1.201 

23 

41 

0*8207 

31  ’ 

17 

1.139 

5 

42 

• 0.8138 

4 

1ft 

1.121  

17 

43 

0.8110 

----  31 

19 

1.099 

31 

44 

0.8106 

13 

20 

1.0ft5 

15 

45 

0.8035 

50 

21 

1.064 

25 

46 

0.8802 

— 12 

22 

1.04ft 

12 

47 

0.7971 

23 

1.040 

12 

4ft 

0.7951 

16 

24 

1.011 

14 

49 

0.7929 

13 

25 

0.9966 

6 

50 

0.7826 

19 

51 

0.7806 

35 

9* 

0.7761 

23 

eblerata  or  sulfate) . A structural  investigation  of 
the  products  obtained  by  anodic  oxidation  of  aiivnr 
has  been  carried  out  by  Braekken*1.  Braekken  ? ^ ?v- 
reported  that  the  product  Aj&CMB)  prepared  by  the 
electrolysis  of  silver  nitrate^gave  the  best  single 
crystals*  The  crystals,  for  the  most  part,  have  an 
octahedral  fora  which  is  not  very  well  developed* 
Prow  x*ray  diffraction  studies  of  the  powder  and  " 
single  crystals  it  was  shown  that  the  crystals  have 
a conaaon  structure.  The  photographs,  could  be  . ‘y 
readily  indexed  by  Braekken  on  the  basis  of  a facet 
centered  cubic  unit  cell  with  a variable  lattice  - 
constant  (depending  on  the  amount.  of  impurity) 
and  which  contained  16  molecules  of  The  T V 

following  lattice  constants  were  found. 

Preparation  *o  1 ^ 

AgaO-i  ( K ) 9755  £ 0.03  kx  1 !" 

Ag20^(N)  9.370*0.003  kx 

AgjO^P)  9.911 10.001  kx 

*-rtJ,(Cl)  9.91610.005  kx 

r IS)  9.396*0.003  kx 

iil  lattice  constant  of  the  oxide  depended 


m 

Thus  aetu* 

upon  the  conditions  used  in  the  preparation  of  the 
sample.  The  letters  in  parenthesis  indicate  the 
anion  of  the  electrolyte  used  in  the  preparation 
(N  for  nitrate,  etc.). 


Braekken  found  that  the  diffraction  pattern 
could  also  be  indexed  on  the  basis  of  a pseudo^eell 
with  a lattice  constant  one-half  the  true  value  if 
only  the  weak  reflections  were  neglected.  The  smaller 
cell  was  shown  to  be  approximately  face-centered  and 
contained  U silver  atoms.  The  arrangement  of  silver 
atoms  in  the  pseudo-cell  is  almost  identical  to  that 
observed  in  Ag;»0, 

Since  oxygen  positions  could  not  be  derived 
on  the  basis  of  the  possible  cubic  space  groups, 
Braekken  suggested  that  the  entire  structure  is  only 
pseudo  cubic,  but  a good  approximation  to  cubic.  It 
was,  however,  established  that  the  lattices  of  the 
two  oxides,  AggO  and  AggO*,  are  similar.  In  addition, 
since  the  method  of  preparation  of  the  oxide  resulted 
only  in  lattice  constant  variations,  Braekken  concluded 
that  only  one  silver  oxide  was  present  in  the  products 
from  anodic  oxidation,  namely  AggO^% 

The  interplanar  spacings  for  the  silver  oxide, 


Ag„0,(N),  reported  by  Braekken  are  presented  in  Table  IX, 
It^ii  clear  from  the  above  discussion  that  the  sample  of 
Table  H is  not  pure  and  hence  no  accurate  agreement 
can  be  expected  between  this  powder  diffraction  pattern 
and  thoee  obtained  on  pure  Ag20^.  Since,  however, 
the  impurities  are  apparently  present  in  3olid  solution, 
it  seems  possible  that  the  powder  patterns  of  pure 
AgoChj  and  of  Table  IX  differ  chiefly  because  of  a 
difference  in  lattice  constant  caused  by  impurities 
in  solid  solution. 


4,2  Massive  Silver  Oxidation 

During  the  course  of  the  present  contract  no 
x-ray  study  of  the  products  resulting  from  the  oxidation 
of  massive  silver  was  made  because,  as  a part  of  the 
same  project  but  under  a previous  contract,  a rather 
complete  study  had  already  been  carried  out.  For  the 
sake  of  completeness  in  the  present  report,  an  account 
of  this  work  is  being  included.  Almost  all  of  the 
present  Section  (4,2)  is  based  on  a report  of  this 
previous  work1,  the  only  exception  being  subsection 
4,23.  While  this  involves  some  repetition  in  the 
discussion  of  work  which  has  already  been  reported, 
it  has  the  advantage  of  providing  a rather  comolete 
account  of  the  present  status  of  the  oxidation  process. 


4.21  Preliminary  experiments 

Prior  to  a rather  detailed  study  of  the  rf 
oxidation  of  silver  wires,  preliminary  experiments 
were  performed  in  which  the  oxide  formed  on  silver 
wires  by  ozone  and  rf  oxidation  was  characterized  by 
x-ray  diffraction  powder  photographs, 

Drsring  the  ozone  oxidation  of  silver  wires  it 
appeared  that  the  oxide  film  catalyzed  tho  further 
formation  of  the  oxide.  Initially  the  process  of 
oxidation  does  not  seem  to  occur  (at  least  visibly) , 
Once  a spot  becomes  oxidised,  the  oxide  grows  out  from 
this  point  in  a ring  around  the  wire  and  proceeds 
rapidly  along  the  length  of  the  wire.  At  times  the 
growth  of  the  oxide  film  would  suddenly  stop  as  if  the 
surface  were  "poisoned*  and  the  layer  of  oxide  would 
then  start  growing  at  another  place  on  the  wire. 
Similar  phenomena  were  observed  in  the  rf  ©Kidation 


TABLE  EC.  INTEHJPLAHAR  S. 5 AGINGS  FOR  Ag20*(N) 
(Lattice  Type:  Pseudo  Cubic!  > 


hsb€  - ’ 

hk|, 

d/n 

222 

2*65 

8U  ) 

1.009 

400 

2.47 

557  j 

331 

2.33 

2.26 

771 1 
339} 

0.995 

^22 

2,01 

666  \ 

0.963 

44  0 

1.79 

2. 2, 101 
dk 

531 

1*71 

0.919 

622 

1.49 

10,4,0 

• . 

LLL 

l.W 

»ebL,?' 

.903 

551-771 

1.39 

.674 

642 

1.32 

1Q62 

.636 

m 

1.267 

664  1 

12,0.0) 

.625 

goo 

662 

1.235 
, 1.135 

7.7,7  \ 
li,  5,1* 

.616 

640 

1.106 

12,2,2 

.609 

as 

1.066 

ft5*’) 

.795 



12,4,6 

,762 
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of  wires*  " 

From  the  comparison  of  the  x-ray  diffraction 
photographs  for  the  ozone  and' rf  oxidized  wires  it  was 
evident  that  the  structures  of  the  two'  oxide  films 
were  similar,  and  that  oxide  phases  other  than  Ag20 
were  present*  From  the  interplanar  spacing  data 
which  appeared  to  be  definitely  associated  with  - 
Ag20,  a series  of  Ag20  lattice  constants  for  the 
different  samples  were  derived.  The  observed  AggO 
lattice  constant  varied  from  4, 72 A to  4.732  A. 
compared  to  Faivre’s  values  of  4.695  A.  for  pur© 

Ag20  and-4.736  A.  for  Ag20  saturated  with  silver 
at  200°C^  . “his  result  suggests  that  there  i3 
appreciable  solid  solution  of  silver  in  the  silver 
oxide  formed  in  the  oxidation  of  wires. 

. •_*  * 

During  attempts  at  identification  of  the 
observed  interplanar  spacings,  it  was  found  that  a 
group  of  the  lines  distinct  from  Ag  and  Ag20  could 
be  indexed  on  the  basis  of  a face-centered  cubic 
unit  cell  with  A.  This  group  of  lines  was  — 

given  the  designation  y phase.  However,  considering 
the  number  of  lines  not  assignable,  it  seems  certain 
that  this  cell  choice  is  only  an  approximation.  In 
fact,  it  will  be  shown  in  Section  4,3  that  the  ip  phase  . 
is  a mixture  of  at  least  two  solid  phases. 


4.22  Rf  oxidation  of  silver  wires* 

In  the  previous  technical  report  the  detailed 
procedure  and  results  of  a systematic  investigation  of 
the  rf  oxidation  of  silver  wire  we  re  presented.  In 
these  experiments  silver  wires  were  oxidised  in  an 
rf  glow  discharge  using  the  equipment  described  in 
Section  2.3  (Hg*  3B)«  The  experimental  results  and 
conclusions  are  briefly  summarised  below. 

During  the  glow  discharge  oxidation  of  the  silver 
wires  the  sample  was  mounted  between  the  ends  of  a 
chromel-alumel  thermocouple  so  that  an  approximate  '-■■■■ 
determination  of  the  temperature  of  the  wire  in  the 
glow  discharge  was  possible.  It  was  observed  that 
temperature  equilibrium  during  the  glvro  discharge 
bombardment  was  quickly  obtained.  A total  of  24 
oxidized  wire  samples  were  prepared  using  three- 
minute  oxidations  at  four  oxygen  pressures  (0.2,  0*4, 
0.6,  and  1.0  m a Hg)  and  three  different  relative 
rf  power  inputs  (220,  160,  and  120).  The  temperature 
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observed  during  the  oxidation  ranged  fro*  130°  to 
2&5°C • The  equilibrium  temperature  was  dependent  uoon 
the  oxygen  pressure  and  the  rf  power  input. 


X-ray  powdor  .diffraction  photographs  were  prepared 
using  one  set  of  the  samples,  while  raetalloeraphic 
examinations  were  made  of  the  second  set.  Using  the 
diffraction  lifter,  which  appeared  to  be  definitely 
associated  with  AggO*  a series  $f  AgpO  lattice  constants 
we^  derived  using  the  cot  d cos'-®  extrapolation  method. 
The  average  ao  for  the  AggO  wan  4*736^0.005  A,.,  in 
good  agreement  with  the  value  4.736  A,  obtained  by 


Faivre  for  Ag^O  saturated  with  Ag  at  200°C 


On 


In  the  x-ray  diffraction  photographs  a series  of 
lines  were  observed  which  could  not  be*  associated  with 
either  Ag^O  or  Ag.  One  group  of  the  extra  lines  could 
be  indexed  as  belonging  to  the  ^ phase  discussed  in  the 
Previous  section.  A complete  list  of  the  interplarar 
"pacings  for  sample  12  is  given  in  Table  X.  A comparison 
of  the  intensities  of  the  lines  to  those  of  Ag  and 
AgoO  within  the  sets  of  ohotographs  indicated  there  w as 
nefmarked  intensity  variation  of  the  lines  relative 
to  the  silver  linos.  The  line  intensity  ratio 
for  (220)  to  Ag20  (220),  however,  varied  from  0.05 
to  0.90,  indicating  a large  variation  in  relative 
abundance  of  Ag2<3  compared  to  the  actual  phase  or 
phases  oroducing  the  VP (220)  line.  The  variation  of  the 
intensity  ratio  could  not  be  correlated  with  the  sample 
prenarat ion  data. 


In  order  to  obtain  more  extensive  x-ray  data  oft 
the  rf  oxide  an  x-ray  photograph  was  prepared  of  the 
oxide  layer  which  could  bo  readily  brushed  off  a small 
coil  of  silver  wire  after  the  oxidation  in  an  rf 
discharge.  The  data  from  the  photograph  are  presented 
in  Table  X.  In  the  photograph  41  lines  were  observed 
which  could  not  possibly  be  assigned  to  Ag2<3  or  Ag. 

Of  this  group  of  41  lines  only  10  lines  could  be 
associated  with  a cubic  if  phase.  Considering  the  number 
of  extra  lines  it  is  very  probable  that  the  y phase 
indexing  of  a portion  of  the  stronger  "foreign"  lines 
is  not  particularly  significant.  It  was  also 
established  that  the  extra  diffraction  lines  could  not 
be  associated  with  the  presence  of  AgO. 


In  a related  experiment,  a sample  of  pure  silver 
oxide  (Ag20)  was  oxidised  by  oxygen  in  an  rf  discharge. 
The  x-ray  diffraction  pattern  of  this  material  so  formed 


TABLE  X.  IN  TER  PLANAR  SPACINOS  FOR  EF 
OXIDIZED  WIRE  HO.  12  AND  RF 
OXIDE  COATING  FROM  SILVER  VTIRS, 


d/g(Aj 

Sample  r£  Assignment 
No.  12  Oxide 
Coat 


d/aUL 

Le  rf 


Sample 
No.  12  Oxide 
Coat 


Assignment 


3.36 

3.39 

3.19 

3.19 

3.03 

3.03 

2.69 

2.69 

Ag20(lll) 

2.696 

2.73 

2.596 

2.62 

Will) 

2.50 

2.41 

IllooP82012001 

2.341 

2.243 

2.35 

2.27 

2.15 

- 

2.029 

2.04 

Ag( 200) 

1.97 

1.66 

1.74 

1.705 

«0) 

1.660 

1.656 

1.591 

1.615 

1.526 

1.471 

1.479 

1.437 

1.447 

Ag!220) 

1.414 

1.421 

1.369 

Ag20(31l) 

1.356 

1.365 

Ak?0(222) 

1.302 

1.303 

Qf222) 

1.279 

1.264 

Ag(3lU- 

1.226 

1.231 

1.207 

Ag( 222) ,Ag20(400) 

1.176 

1.162 

Note: 

No  absorption  correction  has 

1.130  1.139  ip(400) 

1.124 
1.104 

1.0795  1.079  Ag20(331) 

1.067 


1.052 

1.035 

1.045 

Y 331 

1.019 

1.032 

Ag  400 

1.010 

. 1.015 
0.969 

$(420) 

0.977 

0.966 

0.946 

0.941 

0.936 

0.937 

Ag(331) 

0.927 

0.929 

ty(422) 

0.923 

0.912 

0.912 

0.662 

Ag(420) 

0.669 

W333) 

0.654 

2.639 

0.639 

0.616 

0.611 

Ag(422) 

0.605 

• 

0.600 

0.600 

¥ (440) 

0.766 

0.765 

0.763 

Ag(333) 

been  applied  to  the  data. 


56 


was  identical  to  that  for  the  rf  oxide  coat  described 
above.  The  product  contained  phase  or  phases,  silver, 
and  silver  oxide  (AgoO). 

The  met&llographic  examination  of  the  set  of 
rf  oxidised  wires  indicated  no  major  differences  in 
the  structure  of  the  oxide  film  present  on  the  different 
samples.  The  examination  did  indicate  the  presence  of 
one  phase  adjacent  to  the  wire  and  a second  phase  on  the 
surface,  the  two  being  separated  by  a boundary,  •" The 
oxide  film  was  also  found  to  contain  numerous  islands 
of  massive  silver  of  varying  sise.  The -appearance  of 
the  raetallographs  at  the  massive  silver-oxide  surface 
boundary  suggests  that  the  oxidation  proceeds  by  an 
intergranular  corrosion  process. 

To  obtain  further  information  on  the  characteristics 
of  the  two-phase  oxide  system,  electron  diffraction 
photographs  were  prepared  of  silver  wires  oxidized  to 
the  second  order  yellow-red  color.  The  thickness  of  this 
oxide  coat  was  comnarable  to  that  used  in  the  preparation 
of  massive  cathode  photo surf aces.  The  electron  diffraction 
interplanar  spacings  as  well  as  corresponding  x-rav 
diffraction  data  are  presented  in  Table  XI.  The^phase 
lines  constitute  only  a few  of  the  total  of  all  fphase 
lines.  It  is  also  of  interest  that  a ¥ phase  line  appears 
in  some  experiments  at  d/n»2.66.  It  has  been  omitted 
from  the  table  because  it  is  not  consistently  observed. 
Since  the  electron  beam,  in  the  electron  diffraction  ex- 
periments, does  not  penetrate  very  deeply  into  the  sample 
it  is  anticipated  that  only  the  surface  phase  will  be 
detected.  It  seems  clear  from  Table  XI  that  the  electron 
diffraction  lines  can  best  be  interpreted  as  arising  from 
the  'f  phase.  It  is  to  be  further  noted  that  x-ray 
diffraction  photographs  of  the  electron  diffraction  wire 
samples  were  similar  to  those  obtained  previously  and 
indicated  the  presence  of  AggO  in  the  film.  This  is 
consistent  with  the  electron  diffraction  data  since 
x-rays  penetrate  the  entire  sample.  These  results 
suggest  that  Ag20  is  the  phase  in  contact  with  the  silver 
wire,  while  the  surface  consists  of  a higher  valence 
state  silver  oxide.  The  fact  that  the  AgO  pattern  could 
not  be  related  to  the  electron  diffraction  pattern 
suggests  that  the  higher  oxide  is  actually  AggC^. 

Tiapkina  and  Dankov23  have  repo:  ted  that  the  glow- 
discharge  oxide  is  Ag20,  on  the  basis  of  electron 


59 


TABLE  XI.  INTERPLANAR  SPACING  DATA 


Electron  Diffraction  . 

RF  Oxidized  Wire  X-Ray  Diffraction  Data  (d/n) 

d/n  X *?  Ag.  AgjO  AgO 


3.03 

(10) 

3.03 

2.66 

(5) 

2.62 

2.73 

2.74 

(10) 

2.41 

- 

2.59 

2.32 

2.27 

2.36 

2.36 

2.3* 

1.99 

(5) 

1.97 

2.04 

1.42 

5! 

1.42 

1.44 

1.42 

1.42 

1.23 

(*) 

1.26 

1.23 

1.23 

1.20 

0.995 

(4) 

1.009 

1.02 

0.963 

0.997 

0.925 

(4) 

0.929 

0.92* 
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diffraction  photographs  of  a silver  film  on  a 
celluloid  substrate  which  wag  oxidized  in  a glow 
discharge.  The  olectrbn-dif fraction  photographs 
obtained  by  them  exhibited  a high  background  due 
to  diffuse  scattering'. and  tho  lines  were  rather 
weak.  This  is  not  in  agreement  vrith  our  results 
either  on '.silver  wire  or  on.. ..thin  films  (see 
Section  4.33) « It  is  possible  that  they  actually 
decomposed  the  higher  o.xiden+a  Ago0  "by  electron 
bombardment,  or  more  .probably  the^A^O  was  formed 
by  the- reaction  of  the  higher  oxide "with  the 
suonorting  film. 


4.3  Products  of  Thin 
Film  Oxidation; 


"*•31  9 gone  oxidation 
of  silver  wo.dge.g_. 

The- study  of  oxidation  of  thin  silver  films 
was  undertaken  because  of  difficulties  encountered  in 
the  study  of  semitransparent  photocathodes.  A 
primary  objective  of  the  study  was  the  identification 
of  the  solid  phases  present  in  the  oxidized  film.  In 
such  a study  it  is  important  to  perform  the  oxidation 
in  a variety  of  ways  so  that  the  proportion  of  solid 
phases  is  altered.  Otherwise  it  may  not  be  possible 
to  discover  how  many  phases  are  present,  especially 
under  such  conditions  that  solid  phases  are  encountered 
which  have  not  been  previously  studied.  For  this 
reason  ozone  oxidation  was  studied  alonr  with  both 
rf  nod  de  glow  discharge  oxidations.  Moreover,  a 
wide  variety  of  conditions  for  ozone  oxidation  were 
investigated.  Among  the  variables  are  the  following: 

1.  The  rate  of  evaporation  of  silver. 

2.  The  thickness  of  the  silver  film. 

3.  , The  temperature  of  oxidation. 

Earlier  experiments  (Section  4.2}  had  already 
established  that  the  products  of  oxidation  of  massive 
silver  by  ozone  and  rf  discharge  were  the  same,  so 
the  results  were  expected  to  be  pertinent  also  to  the 
glow  discharge  process.  The  investigation  of  czone 
oxidation  was  particularly  extensive  because  the 
technique  for  x-ray  investigation  of  thin  films  was 
developed  at  this  point.  In  the  following  subsections 
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the  results  of  the  investigation  aro  briefly  reviewed. 
Detailed  data  for  the  various  phases  of  the  6 
investigation  are  given  in  Progress  Report  Ho.  3 •• 

4*311  SxoeriBental.  The  silver  wedges 
were  prepared  on  1x3 -inch  microscope  slides  as 
described  in  Sec*  2.22,  The  percentage  light 
transmission  as  a function  of  wavelength  for  each 
silver  film  so  produced  was  measured  using  the 
Beckman  DU  apectro-photbmeter  and  a 1P25  phototube. 

The  silver  film  slides  were  placed_in  the  pyrex 
tube  furnace  and  oxidized  in  ozone  under  the 
different  conditions  shown  in  Table  _XII.  After 
oxidation,  the  transmission  curves  were  determined 
and  the  slides  examined  microscopically  at  15,  45, 

90,  and  440X.  X-ray  powder  photographs  were  then 
prepared  for  oxide  samples  removed  from  selected 
portions  of  the  slides  as  indicated  in  Table  XII, 

In  describing  the  slides  the  0 (aero)  position 
corresponds  to  the  thickest  portion  of  the  silver 
film.  The  oercent  transmission  values  at  700  rayu, 
versus  position  on  the  film  (which  is  a measure  of 
film  thickness)  are  given  in  Figs.  10.  11,  and  12. 

The  x-ray  diffraction  data  (d/n  and  I)  for  the  thicker 
portions  of  the  wedges  are  given  in  Table  XIII,  for 
the  intermediate  regions  in  Table  XTv,  and  for  the 
thinner  regions  in  Table  XT. 


'Hie  first  and  most  obvious  observation  is  that 
the  films  contain  crystals  of  sufficient  size  to 
produce  an  x-ray  diffraction  line  spectrum,  and  this 
is  true  even  in  the  region  for  which  the  light 
transmission  of  the  silver  film  before  oxidation  is 
50$.  It  is  therefore  sensible  to  apply  the  results 
of  phase  equilibrium  studies  on  macroscopic  systems 
to  the  oxidized  film  vrherever  such  application  is 
useful.  In  anticipation  of  the  results  of  Sections 
4.32  and  4.33  it  may  also  be  stated  that  similar 
results  are  obtained  on  oxidation  by  rf  and  dc  glow 
discharge. 


4.312  Preliminary  summary  of  general  results. 
In  discussing  the  results  it  is  useful  to  contrast  the 
armcaranoe  of  ozone  oxidized  films  with  films  oxidized 
in  a dc  glow  discharge  (see  Section  4.33)  and  also  to 
bear  in  mind  a few  general  observations.  In  the  first 
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TABLE  XII.  OZONE  OXIDATION  OF  SILVER  WEDGES 


Silver 

Code  Ag 
No.  Ev* 
Tii 

(Md 

Oxidation 

X-ray  D 

^ .Avv, 

Film 

Sample. 

*P* 
a e 

In.) 

Temp  Tine 

°C  (Konre) 

3 

mi  - 

• Sample 

Region 

(cm) 

A 
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23 

n 
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;r  0*0.9 

0*9-1. 3 
, I'*  5— 2.0 
2*0-3. 5 

B 
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25 

28 

10 

Dry 

1760-82-1 

-2 

♦3 

0*1 

* 2*0-3. 0 
3.5 -4.5 
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IV 

15 

100 

7 
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*2 

*3 

-4 

Sim  : 

Xe2 

2*5-3. 5 
4*5  , . 

D 
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V 

15 

100 

10 

Dry 

1760-76-5 

•6 

«y 

0*1 

1*2 

- 

• 

- 3*5-4. 5 

E 
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X 

25 
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4 

Wet 
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—8 

-9 

0-1 

2-3 
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F 
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25 

140 

4 
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-7 
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6-7 

0 
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25 
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5*6 

H 
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XX 

25 
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5.5 
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-I 

'Oil 
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4*5 

I 

1761-13?  . 
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25 
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2.5 

Dry 
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■ -4 

-5 

1*5*2*0 
3 *5-4 *5 
6*0-7 .0 

J 

1927-14-1 

0,5 

28 

11 

Dry 

*Fri©r  to  oxidation,  film  preheated  to  150oC,  then  cooled 
to  100°C  for  oxidation. 


TABLE  mi,  IH TER  PL  ANAR  3 PACINOS  DATA  FOR  OZONE 
OXIDIZED  FILMS  (Thick  Sections} 


M 

g 

l**C**NHH 

— i IA 

-4  PA 

UA 

CX 

H 

H 

1 

o— ~> 

PAH 

< 

T3 

OsHWAO-4 
PACXOCfcC'- 
• • • • *~~ 

PA  PA  PACX  CX 

HCX 
UA-4 
• • ' 

CX  CX 

to 

cx 

• 

cx 

8 

- • 

CM 

XO 

Os 

• 

H 

e 

rH 

XDCX 

sOsO 

« • 
HH 

H 

S3—' 

ja 


O O'—**  _ 
H H NNH 

SSSSP 

♦ • • • • 

CAP'APACXCX 


CX 


caH  O OS^ 
» * • • * 

PAPAfACXCx 


.8 

UNUA  -4CXH 

O^H  -4CX  PA 
PACX  O Osfr- 
• • * * • 
PA  P's  PACX  CX 


cxcx-~.-->8 

HH  (X  CX  H 

\ooscxt^«A 

PAH  OtCt'- 

• • • • • 

papapacXCX 


O O-— 
CM  (M  H 


\Q  O^fH 

PAHO 

» i i 

PA  PA  PA 


£ 

* 

<VI 


o o— — 8 

rt  HHH  H 

£££$£ 

• • • • % 

PACAPACX  cx 


CX  O- — * 8 

H HCX  H 


E'-OsUA 
PAHO 
• • * 
PA  PAPA 


P 

CX 


CXtOHNOtO 
nO  -4 -4  PACX 
• ■ • « • 
CXCXCXCXCX 


— *O--t0 
H ex  PA  PAH 

'OHNIAtIO 
NO  WN-^fACX 
• • * • • 

cx  cx  ex  cxcx 


O— « irv-^wA 
CX  SO  C'-CX  fA 

NrtH4<0 
sO  VN-JPACX 
• • • • • 

CX  CX  CX  <x  CX 


— *oo  oo 

PAH  PA  PAH 

PA  Os  CX  NO  tO 
sO  -4-4 PACX 

• • • • • 

ex  cx  CX  CX  CX 


— »0— 'XA 

PAIAHH 

^h^3on 

-4 -4  PACX 
• • • • 

CX  CX  CX  CX 


-^^-O^'UA 

CX  MAfAtOH 

sCOsCX  UNO 
VO  -4-4 PACX 
• • • • • 

cx  cx  cx  ex  cx 


<S 

I UA  W~* 
CX  CX  PA 

o 

H 

'-‘r‘66  o 
«4t0  PA  PAH 

u3 

SM 

*o 

sOtOCX 

PAHO 

> « « 4 

fn(nrN 

P 

* 

CM 

UA^PASOOs 
sO  un -4  PACX 
• • • • • 

cxcxcxcxcx 

HCX 


un-4cacx 
• * -• 

<x  cx  cx  cx 


-4 

tc 

rH 


CX  rXPAQ* 

H ^-nO  Q 

INnOvOXO 

• • • • 
HHHH 


— O O— 

rH  CX  PArH 

PAH  sO  CX 
Mv  nOnO 

• • * 

rH  rH  H H 


IPS 

•tc 


UA  UA 
rH  CX 

e.  5 

* * 
H H 


CX  -4 

rH  -CO 

• • 

CX  HI 


UA 

o 

cx 


CX  H 
sO  CX 

sOsO 

• * • • 
rH  H rH  rH 


£8 


o 

H 


H 


o 

CX 

sO 

sO 


H rH 

CX  PA 
CX  H 
• • 

CX  cx 


H 

CV 

• 

CM 


HtO  8 
H*H  nO 


c-Pi 

• • 

rH  rH 


sO 

Os 

• 

H ■ 


CX 

XD 

Os 

• 

H 


WVs 

<X  H 
XD  CX 

sOnO 

• t 

HH 


O 

UA  PACX 

H sO  CX 

N sO  v0 

* • • 

H HH 


64 


TABLE  XXIX.  (Ccmtimaed) 
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TABLE  XIII.  (Continued) 
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Per  Cent  Transmission 


FIGURE  10.  Ozone  Oxidation  Per  Cent  Transmission  at  700 mix 
Versus  Film  Thickness,  Films  A,  B,  and  C. 
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0 2.0  4.0  6.0 

Distance  from  Thick  End  (cm.) 

FIGURE  II.  Per  Cent  Transmission  at  700  rrgu  Versus 
Film  Thickness*  FiimsD  ,E  , and  F, 


Film  G 

25  min.  Ag  evop.  - 
O3  -wet  I60°C  3.5  hr 
X « 700  mfx 


Oxide 


/ Ag  (Approx) 


Film  H 

25  mtn.  Ag  evap. 

Ox-  dry  I70°C.  5.5  hr. 


ZO  40  6.0 

Distance  from  thick  end  (cm.) 


FIGURE  12  Per  Cent  Transmission  at  700  Versus  Film 
Thickness,  Films  G,  H,  and  I. 


the  case  of 
the 

crystallites  are  too  small  to  be  observable  with  an 
optical  microscope  area  at  44GX.  On  the  other  hand, 
rather  coarse  crystallites  are  produced  in  osone 
oxidation  which  are  easily  aeon  at  4401  and  in  some 
cases  even  at  90 In  the  second  place,  in  passing 
frem  tto  this  si  .a.IIAa  j£L^ra4gjT 

tMcftregg-afr  iffti  .has.  Jffi&.ral41*e.Ok: . Aianfeft  jggg 

marked^g^-anpucg-^n  the  c,ol9 t sile  . an<T 
sly.e  dlatributlon^  Film  thickness  is,  therefore, 
net  a simple  variable , Instead,  very  complex  chants 
in  particle  size  and  particle  size  distribution  take 
place  within  the  same  film  in  passing  from  a region 
of  one  thickness  to  a region  with  another  thickness. 
These  changes  may  even  be  periodic  and  thus  give  the 
appearance  of  interference  fringes  on  superficial 
examination.  Film  A,  for  example,  had  such  an 
appearance  while  film  B did  not.  It  is  possible  that 
such  changes  may  also  occur  in  films  oxidized  by  dc 
glow  discharge,  but  since  the  crystallites  produced 
are  too  small,  to  be  seen  in  microscopic  examination 
this  point  has  not  been  established.  In  the  third 
place,  despite  the  differences  in  crystallite  sise, 

ia.  qX  iha  mm  tfrlcten?,??  isM  & saa&gAa  the  &sm 

tins.  £QZ^i3^aa  sJL  z 


± m ...  ^ t _ 23^fift2^tion 

djffarent.  This  is  apoarently  demonstrated  by 

x-ray  examination  of  the  ozone  oxidised  films  of  equal 
thickness.  The  same  x-ray  lines  tend  to  appear  on 
each  film,  thus  indicating  the  presence  of  the  same 
solid  phases.  The  exceptional  cases  are  pointed  ovb 
in  the  subsequent-  discussion.  The  above  statement 
does  not  apply  to  the  comparison  of  the  thin  and  thick 
sections  of  the  films.  Instead,  some  of  the  solid 

j&s&ul  &ca  asi  £&&  mm  lajjaa  thin  2M.  tHsk 

of  ozone  oxidized  films.:  In  is  point  is  discussed  at 
length  in  the  following  text. 

In  order  to  illustrate  how  much  two  films  can 
differ  in  apuearanc®  and  in  optical  oro per ties  without 
much  change  in  x-ray  diffraction  pattern  it  is 
worthwhile  to  consider  films  A and  B in  more  derail. 

The  preparation  procedures  for  those  two  films  differ 
chiefly  in  the  rate  of  silver  evaporation  ( see  Table 
XII ) . Film  B was  deposited  at  ten  times  the  rate  used 
for  A*  Be for®  oxidation  no  particle  structure  could  be 
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resolved  in  microscopic  examination  at  A40K  and 
the  transmission  curves  for  the  two  films  are  very 
similar  (see  Pigs*  10A  and  10B).  After  oxidation, 
however,  the  two  films  were  very  different  in 
appearanoe.  This  is  indicated  to  some  degree  by 
the  transmission  curves  (Pigs.  10A  and  10B).  These 
figures  do  not,  however,  adequately  convey  the 
observed  appearances.  The  films  were  spectacularly 
different  in  appearance*  Film  A was  striated, 
the  strAations  following  lines  of  equal  thickness 
in  the  manner  expected  for  interference  fringes* 

Film  B had  no  such  striations*  The  strlatiohs  in 
film  A are  undoubtedly  connected  with  variations  in 
particle  slse  (see  Appendix  II),  Despite  the 
. markedly  different  appearance  of  the  two  films 
there  is  very  little  difference  in  their  x-ray 
powder  diffraction  patterns  (see  Tables  XIII,  XI?, 
and  XT) . Where  differences  in  x-ray  powder  patterns 
occur  the  lines  are  weak  enough  so  that  slight 
differences  in  line  breadth  might  well  account  for 
the  presence  or  absence  of  ths  lines.  On  the  whole, 
the  solid  phases  present  seem  to  be  the  same  in  the 
- — - two  cases.  This  very  strongly  suggests  that  the 
difference  between  the  two  films  is  largely 
attributable  to  particle  size  and  size  distribution* 

The  above  observations  indicate  that  the  optical 
properties  of  va  film  dspend  markedly  on  the  method  of 
preparation  and  hence  will  be  difficult  to  reproduce.* 

On  the  other  hand,  the  x-ray  diffraction  data  are  much 
less  sensitive  to  variations  in  the  method  of 
preparation  although  some  dependence  on  film  thickness 
is  found,  as  is  pointed  out  in  the  next  section* 

• ..  — ..  . ' t . ■ ••  \ . 

Microscopic  examinations  of  the  oxidised  films 
have  been  made.  A detailed  description  of  each  is  given 
in  Appendix  II.  For  the  purposes  of  the  present  section 
it  is  sufficient  to  say  that  large  particles  tend  in 
general  to  be  formed  at  the  thick  end  of  a film*;,  A 
granular  oxide  is  formed  in  the  thick  section  consisting 
of  black  grains  roughly  sperical  in  shape  and 
separated  by  voids  comparable  in  sise  to  the  particle 
diameter.  Otherwise  the  particle  structure  (as  revealed 
by  microscopic  examination)  varies  considerably  from 
one  film  to  another  (see  Appendix  II),  Some  further 
information  on  particle  size  is  obtained  from  x-ray 
line  breadths  as  discussed  In  the  next  section* 
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i aatoa  • 

for  the  thick  sections  of  the 


The  oxide 


4.313  r..— .. 

x— ray  diffraction  data 

wedges  are  given  in  Table  XIII , for  the  intemedeate 
seat ions  in  Table  XIV,  and  for  the  thin  sections  in 
Table  XV.  In  considering  the  data  it  is  important 
to  note  that  lines  assigned  an  intensity  of  2 mere 
Very  weak,  while  those  assigned  1 were  Just  perceptible. 
Consequently,  for  these  lines  there  may  be  an  appreciable 
error  in  the  measurement  of  the  Interplanar  spacing*  In 
addition,  the  accuracy  of  the  interplanar  spacing*  and 
relative  intensity  estimates  decreases  rapidly  as  the 
line  breadth  increases,  because  of  the  diffoseness  of  the 
line  as  well  as  the  increase  in  the  background  scattering. 
Furthermore,  the  relative  intensities  for  the  lines  with 
Interplanar  spactngs  greater  than  2.80A  may  be 
appreciably  low  because  of  the  high  background  blackening 
present  in  this  region  of  the  diffraction  photograph* 


Several  general  characteristics  of  the  cetone 
oxidation  are  evident  from  a visual  examination  of  the 
films.  For  s given  wedge  the  increase  in  tho  diffraction 
line  breadth  with  decreasing  thickness  of  the  wedge  is 
indicative  of  decreasing  crystallite  sisa.  With  increasing 
temperature  of  oxidation  there  is  a marked  increase  in 
the  sharpness  of  the  diffraction  lines  indicating  an 
increase  in  crystallite  siae.  The  photographs  for  the 
granular  oxide  formed  in  the  thick  section  at  high 
temperatures  contain  very  sharp  diffraction  lines.  This 
is  v?ell  illustrated  by  the  fact  that  the  Cu  X© u and  jKe* 2 
reflections  of  0.7850  and  0.7&40A  are  very  well  resolved. 


It  was  assumed  £ priori  that  the  silver  in  the.  thin 
section  of  the  film  would  be  most  completely  oxidised. 

An  examination  of  the  data  clearly  demonstrates  that,  for 
the  wedges  examined,  the  reverse  was  true,  since  the 
silver  line  at  d/n*2.04  is  relatively  more  Intense  in 
the  thin  sections  than  in  the  thick.  The  ease  of 
osone  oxidation  of  the  silver  decreases  with  decreasing 
wedge  thickness.  The  microscopic  examination  of  the 
wedge  J (Table  XII).  3-sec  silver  evaporation,  suggests 
that  the  ease  of  silver  oxidation  by  oaone  Increases 
with  fast  rates  of  silver  deposition.  X-ray  data 
for  this  wedge  are  not  available. 


Some  progress  can  be  made  in  analysis  of  the  .... 
results  as  follows.  Consider  first  the  thick  section 
of  film  I,  Table  XIII,  Since  the  line  at  d/n  * 2.04 
is  absent,  It  follows  that  metallic  silver  is  absent. 
Since  the  line  at  2.36  is  also  missing  it  follows  that 
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Ag*0  Is  missing.  There  is  no  lice  at  2,59,  which 
indicates  that  AgQ  is  absent*  The  whole  x-ray 
diffraction  pattern  is  therefore  due  to  one  or 
mere  substances  other  than  the  above.  If  the 
system  Is  a two -phase  mixture,  then  the  strongest 
lines  must  be  due  to  the  preponderant  phase*  , These 
lines  are  2.74(100),  2*42(35),  2.28(25),  1.71(20)* 
1466(30)*  1.45(35),  1.39(20) , 1.37(20).  Here  all 
lines  with  intensities  above  10  and  d/n  >1.25  hare 
been  listed.  This  argument  would  in  itself  be  very 
weak*  It  is  greatly  reinforced,  however,  when  we 
examine  the  thin  sections  (Table  XV).  We  first 
discuss  all  films  of  Table  XV  except  H.  Of  the 
lines  listed  above,  2.42,  2*23,  1*6$,  1*39  and  1,37 
are  either  absent  or  appear  with  very  low  intensities* 
lines  at  2.74  and  1*45  do,  however,  appear.  That  at 
1*45  can  be  accounted  for  since  the  2.04  line  Is 
present,  Which  indicates  metallic  silver*  But  metallic 
silver  also  has  a line  at  1.45  whose  intensity  is  equal 
to  that  at  2.04.  This  is  precisely  the  situation  in 
Table  XV  and  hence  the  1*45  line  in  Table  XV  is  due  to 
silver  whereas  in  Table  XIII  It  was  due  to  something 
else*  This  leaves  the  2.74  line  to  be  accounted  for* 
This  cannot  be  due  to  Ag20  because  this  substance  has 
a strong  line  at  1.66,  but  the  films  of  Table  XV 
have  very  weak  lines,  or  none  at  all,  in  this  position*, 
This  line  cannot  be  due  to  AgO  because  there  is  no 
line  at  2*59.  The  closest  are  at  2.61  - 2.62  and  even 
these  are  in  general  weak.  The  line  at  2.74  in  Table 
X?  must  therefore  be  due  to  another  phase*  These 
rssults  tend  strongly  to  confirm  the  view  that  all  of 
the  strong  lines  for  film  I of  Table  ML  are  due  to  a 
Single  solid  phase,  which  we  may  designate  as  the 
«®,phase,  and  this  solid  possesses  one  diffraction  line 
at  1.45  which  coincides  with  a silver  line  and  another 
line  at  2.74  which  coincides  with  a line  from  a 
second  solid  phase,  r'ta*  which  occurs  in  the  thin 
section*  of  the  films.  Further  confirmation  for  this 
View  is  obtained  by  considering  film'll  of  Table  XV, 

This  is  the  only  film  which  contains  a line  at  2*42 
or  anywhere. in  the  vicinity*  If,  as  seems  certain, 
this  corresponds  to  the  2,41  line  discussed  above, 
then  the  same  phase  (A)  as  in  Table  XIII  is  indicated 
and  this  line  should  be  accompanied  by  ethers  at  2*74. 


then  the  same  phase  (ijt)  as  in  Table  XIII  is  indicated 
and  this  line  should  be  accompanied  by  ethers  at  2*74, 
2.28,  1.71,  1*66,  1.45.  1*39  and  1.37*  Inspection  of 
column  H shows  that  this  is  indeed  true  and  the 
relative  intensities  agree  with  those  listed  earlier. 
This  constitutes  very  strong  evidence  la  favor  of  the 
initial  hypothesis. 


S,  7 15m*  existence  of  a solid  phase  1,  , which  give*;,,.--- 
!•  t#  a group  of  diffraction  linos,  with  the  8*«fe:ir-l: 


£&ne  part  if  ularly  prominent , seams  to  be  firmly 
established  and  those  linos  are  the  cost  intense  lH  v ■• 
fllitta  Xg.  F,  0,  H,  I of  Table  XXIX,  There  remains  the 
q&stlbtv  of  whether  the  weak  linos  at  3.36,  3#20,  3^0© 
crle « arise  from  the  same  phase  or  from  a second 
abase  The  latter  alternative,  a new  solid  phase 
to  be  the  correct  one.  This  is  indicated  ; 
by  the  fact  that  the  lines  3*36,  3.20,  3*00  etc.  also.  , 
appear  in  the  thin  sections  of  the  fibas  (Table  Xf  : -j:,. 
except  film  H)  even  though  the  absence  of  a line  at 
2.41  indicates  that  I*  missing.  In  fact,  the 
majority  of  the  diffraction  lines  of  Table  XV  {-except 7--  ■ 

M)  cab  be  accounted  for  on  the  basis  of  a solid  phaab  v 
2 end  metallic  silver. 

As  previously  pointed  out,  AggO  and  AgO  are  "■^■^0  ' ~i 
either  absent  or  present,  in  small  proportion  in  laost",^  r: 
of  the  films  of  Table  X?.  Assuming  only  do  and  silver  ■- 
to  be  present,  the  lines  characteristic  orph  can  be, 
obtained  and  rough  intensities  assigned.  This  follows 
because  the  Intensities  of  the  silver  lines  relative 
to  2 .Oh  are  known  (Table  YD  and  the  silver  contributions 
ean  be  gubt meted  out.  When  this  is  done  and  the 
relative  intensities  referred  to  the  2.7 U line  as 
100  are  calculated,  the  results  of  Table  XVI  are 
obtained.  The  If x lines  are  also  included  in  Table  XVI 
for  comparison.  The  intensities  for  the  lines  are 
obtained  by  considering  films  E,  F,  G.  H,  I of  Table 
XIII  and  are  rough  estimates.  There  Is  considerable 
doubt  as  to  the  relative  intensities  of  the  2,51* 

1.97,  1*67  and  1*60  lines  of  the  © ->  phase.  The  results 
ean  be  considered  little  better  than  rough  guessed. ’ 

The  2.36  line  intensity  in  Table  XV  is  somewhat 
peculiar  and  the  results  are  difficult  to  interpret, 
because  the  films  contain  silver,  which  has  a line  at 
2*36.  In  samoles  P,  G,  I the  2.36  line  seems  due 
almost  entirely  to  silver,  Judging  from  its  intensity 
relative  to  the  silver  lines  at  2.04,  1*45  and  1*2$, 

This  Is  not  the  case,  however,  for  films  A,  B,  D,  where 
the  2,36  line  is  much  too  intense  to  be  due  to  silver. 
There  seems  at  first  sight  a possibility  that  samples 
A,  B,B  (Table  XV)  may  contain  AggO,  which  haa  an 
iUtecse  line  at  2*36,  but  further  consideration  makes  this 
eeem  unlikely  for  the  following  reason.  Ag2<3  also  has  a 
line  at  1.12  which  does  not  appear  on  films  A,  B,  JD. 

The  line  broadening  in  thin  films,  previously  mentioned. 


.‘Ay.—,  i 
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makes  It  difficult  to  resolve  a line  at  1.42  ttom 
the  silver  line  at  1.45,  hut  resolution  must  be 
possible  in  film  D since  two  lines  at  1.21  and  •-•V-tt— '-d 
i,23  are  resolved  in  this  case  even  though  they 
are  separated  less  than  1.12  and  1,45  and,  moreover if 
they  ar it  expected  to  be  broader.  Under  these 
conditions  it  seems  unlikely  that  the  variable 
intensity  of  the  2.36  line  is  due  to  varying  amounts 
of  AgjO.  The  variation  is  at  present  unexplained. 

Wo  have,  however,  Included  the  2.36  line  in  Table 
XVI  and  indicated  the  range  of  intensity  variation 
after  correction  for  the  contribution  of  metallic 
silver.  A line  at  d/n  s 2.61  occurs  in  several 
Cases.  The  intensity  of  this  line  is  so  variable 
with  respect  to  the  remaining  lines  of  ®2  in  all  of 
the  Tables  XIII  XIV,  XV  that  it  has  not  been 
included  in  Table  XVI  as  a ^ line.  Since  only  one 
line  Is  involved  we  cannot  tell  whether  a solid 

?hase  is  indicated  or  whether  something  elae 
i.e,  solid  solution  formation)  might  account  for 
its  behavior.  The  diserepetncy  between  2.61  and  the 
nearest  AgO  line  at  2.59  is  consistently  obtained 
and  seems  too  large  to  indicate  the  presence  of  AgO, 
especially  since  the  remaining  line  positions  and 
intensities  are  not  in  good  agreement  with  those  to 
be  expected  for  AgO. 


In  summary  it  seeme  to  be  established  that  a 
solid  characterised  by  the  IjPg  lines  of  Table  XVI 
exists,  although  we  cannot  be  sure  that  the  lines 
are  characteristic  of  a single  phase.  The  lines 
characteristic  of  the  ^ phase  seem  better  established. 


One  item  remains  which  is  worth  mentioning.  It 
was  thought  at  one  time  that  the  thick  sections  of  the 
films  oxidised  at  the  highest  temperatures  (films  E, 

F,  (5,  H,  I of  Table  XIII)  might  correspond  to  a pure 
phase  which  was  the  most  highly  oxidized  silver  oxide 
obtainable  by  these  methods.  If  this  were  the  case, 
then  the  weak  linos  at  3.36,  3*21  and  3*02  might  be 
considered  as  euperlattice  lines  of  phase  tf*. . In  order, 
however,  to  account  for  the  absence  of  the  vsi  lines  in 
the  thin  film  sections  in  this  way  it  is  necessary  to 
suppose  that  the  $1  and  .f2  phases  have  three  lines  which 
Coincide  at  these  positions,  and  this  seems  to  be 
pushing  coincidence  a bit  too  far.  The  interpretation 
of  the  proceeding  paragraphs  seems  to  be  more  probable 
and  is  tentatively  adopted  for  this  report,  further 


information  which  bears  on  the  assigment  of  these 
Jines  Is  discussed  in  Sections  4.3  and  4*k, 

Hating  new  obtained  some  information  as  to  the 
x-ray  diffraction  lines  which  characterize  the  various 
solid  chases,  it  is  wortlwhile  to  return  briefly  ,to 
the  consideration  of  the  results.  It  is  useful  to 
discuss  the  thick  and  thin  sections  separately.  >i 

Consider  first  the  thick  sections.  It  has 
already  been  oointed  out  that  metallic silver  is 
either  absent  or  present  in  very  small  proportion  as 
indicated  by  the  absence  or  weakness  of  the  2.01*. 
line.  The  oxide  Ag£0  is  also  present,  in  only  trace 
amounts  in  films  3,  F,  0,  H,  I.  This  is  indicated 
by  the  low  intensity  of  the  2.36  line  in  these  films* 

It  is  further  confirmed  by  the  low  intensity  of  the 
1.42  line.  In  films  oxidized  at  the  lower  temperature a 
(A  B,  C D)  , only  trace  amount s of  AgoO  are  present 
in B and  C as  indicated  by  the  very  weak  line  at  1.42. 
Films  A-  and  D contain  more  A as  indicated  by  higher 
intensity  of  the  1.1.2  line.  To  summarize,  film  A 
contains  an  amount  of  AggO  comparable  with  that, 
obtained  in  the  oxidation  of  massive  silver,  D contains 
less  Ag^O,  and  all  other  films  contain  very  much  less 
Ag20.  B oth  and  ipo  are  present  in  all  films,  t! 
being  predominant,  The  ratio  of  S to  Wo  is  highest 
in  B,  t,  E,  F,  G,  H,  I.  x 1 

Consider  next  the  thin  sections.  Silver  is  present 
in  all  films  except  H,  as  indicated  by  a diffraction 
line  at  2.04.  From  the  intensity  of  the  2.04  line  it 
appears  that  films  F,  0,  I contain  the  largest  amounts 
of  silver,  films  A,  B,  C,  D contain  roughly  half  as 
much,  film  E contains  only  a trace  of  silver,  while 
film  H contains  too  little  for  the  2.04  line  to  be 
detectable.  The  proportion  of  AgoO  must  be  small  since 
thl3  substance  has  a diffraction  line  at  1.66  while  the 
thin  sections  of  the  films  have  either  a very  weak 
line  in  this  position  or  none  at  all*  The  1,42  line  is 
absent  in  all  cases.  The  latter  observation  would  be 
conclusive  except  for  one  factor.  X-ray  lines  for  the 
thin  sections  tend  to  be  broader  than  for  the  thick 
sections,  and  the  question  arises  as  to  whether 
resolution  is  sufficient  to  resolve  the  silver  line  at 
1,45  from  the  oxide  line  at  1./2.  In  films  C,  D,  and 
H the  resolution  is  certainly  hifrh  enough  because  in  C 
the  lines  at  2.04  and  2.07  are  resolved,  in  D 1„23 
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and  1.21  are  resolved  while  in  H 1.39  and  1.37  are 
resolved.  It  seems  likely  that  resolution  is 
sufficient  in  all  cases,  although  conclusive 
evidence  is  not  available  from  the  diffraction 
spectra  themselves.  It  seems  justifiable  to  conclude 
that  Ag20,  if  present,  is  in  too  small  proportion 
to  be  detected.  The  diffraction  lines  at  1.66  must 
be  due  to  som°  other  substance.  It_has  previously 
been  pointed  out  that  phase  tf  ? is  present  in  the  thin 
sections  of  all  films  while  film  H is  unique  in  that 
1 is  present  only  in  this  film. 

One  salient  fact  which  arises  from  the  foregoing 
experiments  is  the  decisive  influence  of  silver  film 
thickness.  By  far  the  most  significant  and  consistent 
differences  in  chemical  composition  arise  between  the-— 
thick  and  the  thin  sections  of  the  films.  Other 
variations  in  processing  conditions  failed  to  produce 
much  change  in  the  nature  of  the  solid  phases  (except 
for  film  H which  seems  more  like  an  accident  than  a 
consequence  of  variation  in  processing).  These 
remarks  applv  only  to  the  chemical  composition  of  the 
films.  The  particle  sire  (as  determined  by  microscopic 
examination)  and  optical  oroner+les,  on  the  other  hand, 
are  cmi+e  sensitive  to  changes  in  processing  conditions, 
including  film  thickness,  

In  sneaking  of  "thickness"  some  oualificatlon  seems 
necedsarv.  Manv  experiment'*  by  other  investigators  have 
shown  that  silver  films  containing  different  amounts  of 
silver  pef  unit  area  max  differ  in  other  wavs  than  in 
linear  extension.  Micro structures  of  verv  different 
kinds  freauently  arise.  In  passing  from  the  thick  to 
the  thin  section  of  a film  of  graded  thickness  the 
micro structure  of  the  film  undoubtedly  changes,  and 
this  alteration  in  micro  structure  mav  be,  in  fact,  the 
real  reason  for  the  difference  in  behavior,  height  per 
unit  area  rairht  well  be  a more  useful  quantity  than 
*thieknea5n  for  characterising  the  films,  although  we 
have  not  made  use  of  this  terminology. 

It  is  now  of  interest  to  contrast  the  oxidation 
products  obtained  for  evaporated  silver  films  with 
those  obtained  in  the  oxidation  of  massive  silver 
(3eetion  1.2).  In  th®  oxidation  of  massive  silver 
(silver  wires)  diffraction  lines  due  to  Ay,  Ag?0,  v^2> 

are  all  obtained  and  it  has  been  established 
that  the  order  of  oceurance  of  the  solid  phases  is 


th#*  given . except  that  the  order  of  If 2,  *fi,  is  , 
unknown.  Among  the  oxidation  products  of  tne 
thiek~ flections  of  evaporated  silver  films  Ag  is 
n»i«sing  and..  Ag^O  is  present  only  in  trace  amounts 
except  in  f liras  A and  D.  The  thin  sections  of 
evaporated  silver  films  contain  Ag  and  Ifo  after 
oxidation  except  for -film  H,  which  conta  Ins 

The  final  problem  is  to  find  the  reasons  for 
the  rather unusual  behavior  described  above*  In 
this  undertaking  the  result e obtained  by  Sennet  asd 
Scott 5 trl  the  study  of  silver  films  is  of  considerable 
assistance.  In  order  to  establish  a connection 
between  our  experiments  and  theirs  vre  consider  the 
film  thickness  involved.  - To  obtain  the  thicknesses 
we  first  consider  the  percentage  transmission  for  each 
of  the  thin  sections  of  the  silver  films  before 
oxidation.  The  x-rav  diffraction  data  for  the, oxidation 
products  obtained  from  these  sections  are  given  in 
Table  XV.  Using  the  transmission  data,  the  thickness 
of  each  thin  section  is  estimated  from  the  data  of 
Sennet  and  Scott  5,  allowance  being  made  for  evaporation 
time.  These  estimates,  which  are  only  approximate, 
appear  in  column  five  of  Table  XIIA*  Then  knowing  the 
positions  from  which  the  various  samples  were  taken  and 
using  the  geometrical  dimensions  which  prevailed  during 
evaporation  (Section  2),  the  thickness  values  for  the 
thick  and  Intermediate  regions  wer*  computed*  These 
result  s are  given  in  columns  three  and  four,  of  Table 
XIIA.  These  results,  although  approximate,  are 
sufficient  for  our  purposes.  Note  that  no  sample  was 
taken  from  the  thick  section  of  sample  F.  The 
diffraction  pattern  for  this  sample  is  the  same  in 
both  Tables  XIII  and  XIV.  We  now  proceed  to  consider 
some  of  the  results  of  Sennet  and  Scott 5 in  more  detail. 

It  was  observed  by  Sennet  and  Scott  that  below 
a certain  thickness,  the  "critical  thickness”, 
evaporated  silver  films  consisted  of  very  small 
particles  (sometimes  only  a few  hmidretbs  o**  a micron 
in  diameter)  which  were  not  in  contact.  That  is,  the 
particles  rested  on  the  substrate  in  relative 
isolation.  At.  the  critical  thickness  they  touch  each 
other  and  above  that  thickness  the  particles  merge, 
although  perceptible  voids  remain  in  some  cases  up  to 
twice  the* critical  thickness  or  beyond.  Ultimately, 
of  course,  the  films  acquire  a solid  appearance.  Of 
the  films  in  Table  XIIA  six  were  evaporated  in  25 
minutes , two  in  15  minutes,  and  one  in  2 AO  minutes. 
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TAB125  XX  ZA* 


APPROXIMATE  SILVER  FXLX  THICEWtSSES 
OP  THE  JURAT  SAMPLE  REGIONS* 

Osone  Oxidation* 


i'-*  ■ 

, Ai  'jjuMriea  of  photographs  is  glvsn  in  Ssnnet  and  Scott*© 
pajsjrof  filsu  evaporated  in  20  minutes.  From  an 
v iihose  photographs  and  a consideration 
..^Mr-fwiaitioii  of  maximum  radiation  absorption,  it. 
>ed$p8  reasonable  to  place  the  critical  thickness  at 
, atatjft  200A  for  such  films*  This  Is  only  a rough 
At  1?5 A the  :part  i ele  a are  still  -well ' 
'^^jifepSpWlteds  at  220  A -gome -merging,  usually  in  pairs* 
':^fAa^dent» :ralthoi%h': hldse  contact  is  certainly  note.--... 
OstiiJhliBhed.  Ko  data  are  given  for  films  evaporated 
minutes*  Judging t however , from  photographs  WT 
fjgiven  .for  ft  75  minute  evaporation  and  taking  account 
V Of  the  trend,  it  seems  likely  that  contact  is  not 
* etfiabilshed  below  MX)A.  Those  estimates  are  sufficient 
for  Our  present  purposes,  , xJft  j.iy  . ■ 

■ Now  considering  the  film  thicknesses  given  in  ;... 

Table  XII A it  becomes  clear  at  once  that  all  of  the''"- 
thin  sections  have  thicknesses  below  the  critical 
so  that  we  are  dealing  with  very  small  silver  grains r 
which  are  not  in  contact  with  each  other.  Residual  ; 
Silver*1  is  found  in  these  thin  sections  (except  film  H) , 

• j sad  hence  it  in  established  that  large  numbers  of  v . 

' * > isolated,  silver  grains  are  hard  to  oridisek-t 

The  thick  sections,  on  the  other  hand,  considerably 
: 4:,v ijjtdped  the  critical  value  in  thickness , and  these 
, film© ; contain  no  silver  except  for  film  I which  has 
a iViStee.  This  establishes  that  closepacked  small  ' 
silver  grains  are  easy  to  oxidise.  In  the  intermediate 
sections  films  A end  I have  thicknesses  less  than  the 
. critical,  and  both  contain  silver.  Films  D,  F,  0,  on 
r the  other  hand,  have  thicknesses  definitely  greater 
than  the  critical,  D and  F have  no  detectable  amount 
of  silver  while  G has  a barely  perceptible  amount 
{the  lino  at  d/n  * 2,01  has  intensity  1),.  Films  B,  Cf 
and  H are  ao  close  to  the  critical  thickness  that  we 
cannot  classify  them#  One  contains  silver  and  the 
other  two  do  not.  The  correlation  obtained  between 
isolation  of  silver  grains  and  the  appearance  of 
residual  silver  is  very  good  indeed.  There  can  be 
but  little  doubt  that,  failure  to  oxidise  silver 
follows  from  the  fact  that  the  grains  are  not  in 
contact,  when  contact  is  established,  oxidation  is 
complete . 

These  observations  ver^  strongly  suggest  that 
nucleafcion  is  an  important  step  in  the  ozone  oxide* ion 
of'Silver,  If  it  is  necetsarv  to  form  a nucleus  from 
which  a silver  oxide  crystal  can  grow  before  oxidation 
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can  occur,  and  If  the  nude  at  ion  rate  la  low,  then 
the  above  observations  become  understandable  at  once* 

In  a film  consisting  of  a very  large  number  of  small 
silver  sprains  isolated  from  each  other,  at  least 
one  nucleus  must  develop  on ' each  grain  before  oxidation 
can  take  place.  If  the  nueleation  rate  is  low,  then 
on  cose  grains  nuclei  do  not  form  soon  enough  and  they 
remain  unoxidized.  Since  the  grains  are  so  small, 
about  0,01  micron  or  100A  in  diameter,  oxidation 
proceeds  rapidly,  once  a nucleus  is  formed,  because 
there  is  not  enough  material  to  fora  a thick  oxide 
layer  to  limit  oxidation  rate  by  diffusion.  In  thicker 
films,  however,  the  grains,  although  small,  are  in 
close  contact.  Fewer  nuclei  are  required  because  a 
crystal  growing  from  a nucleus  can  spread  to  adjacent 
grains  and  grow  indefinitely  although  perhaps  with 
numerous  imperfections.  It  is  therefore  plausible  that 
a thick  film  can  be  oxidised  completely  while  a thin 
film  is  not,  because  the  oxidation  rate  for  the  latter 
is  limited  by  the  nueleation  rate  whereas  the  former  Is 
limited  only  by  the  rate  of  diffusion  through  the 
intervening  oxide  layer  which  forms.  Further  evidence 
which  supports  the  nueleation  hypothesis  is  the 
observation  (Section  4.2)  that  ©zone  oxidation  of  silver 
wires  frequently  starts  at  a point  from  which  the  oxide 
grows  over  a considerable  area  before  halting.  Oxide 
then  forms  again  at  a new  point  and  grows  until  ( 

ultimately  the  wire  is  covered.  This  strongly  suggests 
that  a nucleus  is  formed  at  each  such  point.  It  suggests 
in  addition  that  the  nueleation  rate  is  low,  for  if  many 
nuclei  formed  simultaneously  and  were  uniformly 
distributed,  the  oxidation  would  seem  uniform. 

It  seems  desirable  at  this  point  to  discuss  in 
somewhat  more  detail  what  is  meant  by  a nucleus  and 
to  differentiate  between  two  types  of  nueleation.  It 
has  been  emphasized  previously  that  x-ray  diffraction 
/by  powder  samples  scraped  from  thin  films  leads  to  a 
line  spectrum.  This  proves  that  the  oxidation  products 
have  an  atomic  arrangement  which  is  well  enough  ordered 
to  form  a diffraction  grating.  A nucleus  constitutes  ..  .. 
a small  group  of  atoms  sufficiently  well  ordered  to 
serve  as  the  center  from  which  a crystal  can  grow.  The 
nucleus  is  not  necessarily  perfectly  ordered.  According 
to  recent  theories  of  growth  rates  of  crystals,  slight 
imperfections  (dislocations)  increase  the  growth  rate. 

Moreover,  crystals  of  a foreign  substance  may  serve  as  .. 

nuclei  even  though  the  crystal  structure  differs  from 


S3 


that  of  the  solid  to  be  formed  provided  only  that  = 
it  conforms  closely  enough  so  as  to  intiate 
crystallization.  It  is  useful  to  distinguish 
between  nucleation  which  is  spontaneous  (i.e.  the 
chance  formation  of  a sufficiently  well-ordered 
arrangement  of  a few  atoms  to  induce  crystal 
growth)  and  that  which  is  pro noted  by  the  presence  - 
of  a template  of  some  kind  which  makes  particularly 
easy  the  first  formation  of  a regularly  ordered 
atomic  'arrangement  of  silver  and  oxygen  atoms 
characteristic  of  the  solid  oxide  under  consideration. 
Such  a template  might  be  provided  by  a foreign 
crystal  as  discussed  above,  or  by  one  or  more  crystal 
faces  of  a silver  grain  whose  atomic  arrangement 
conforms  to  that  of  the  oxide,  or  it  might  be 
provided  by  a disordered  or  distorted  silver  grain. 

No  definite  conclusions  concerning  the  mechanism 
of  nucleation  can  be  given  at  present.  In  the  above 
discussion  we  have  in  mind  an  element,  of  chance  in 
both  cases.  A nucleus  is  regarded  as  formed  only 
when  the  subsequent  growth  becomes  certain.  A 
template  may  increase  the  chance  of  forming  a nucleus 
without  itself  being  a nucleus  because  the  mere 
presence  of  the  template  does  not  assure  that  crystal 
growth  occurs  from  that  instant  onward  but  only  that 
at  some  subsequent  time  crystal  growth  will  be 
initiated  and  will  proceed  thereafter,  the  probability 
of  iniation  being  greater  than  in  the  absence  of  the 
template.  Activation  of  the  oxidizing  agent  as  in 
a discharge,  might  well  increase  the  rate  of 
spontaneous  nucleation  to  such  a degree  that  nucleation 
wa3  no  longer  the  rate  determining  step.  This  is  a 
matter  to  be  considered  further  (section  4.33)  in 
connection  with  the  glow  discharge  oxidation.  If 
nucleation  is  promoted  by  a template,  then  the 
nucleation  rate  might  well  be  sensitive  to  small 
amounts  of  impurity  which  could  either  increase  the 
rate  bv  providing  new  or  more  favorable  templates, 
or  reduce  the  rate  bv  unfavorably  altering  the 
existing  templates. 

The  above  discussion  should  make  clear  what  we 
mean  bv  a nucleus  and  also  why  the  hypothesis  of 
nucleation  has  been  tentatively  adopted.  There  still 
remains,  however,  the  problem  of  accounting  for  the 
oxidation  products.  It  has  been  pointed  out  that  .!  2 
and  Ag  are  the  solid  phases  found  in  the  thin  sections 
except  for  film  H,  Phase  is  found  only  in  film  H. 

On  the  other  hand,  both  ^ and  <P2  occur  in  the  thick 


sections  along  with  traces  of  AgjjO.  Silver  is 
usually  absent  from  the  thick  sections*  Since 
is  found  in  one  section  of  the  film*  it  follows 
that,  ozone  is  a st  rong  enough  oxidizing  agent  to 
produce  the  phase.  Absence  of  silver  is  not 
essential  to  production  since  is  produced 
in  the  oxidation  of  silver  wire  (Section  1*2)  and 
excess  silver  always  remains  in  those  experiment*. 

On  examining  fables  XIII.  XIV,  XV  we  find  a 
consistent,  tendenoy  for  f ^ to  be  absent  from  those 
Samples  which  contain  the^ighest  proportion  of 
silver  and  to  be. present,  in  those  samples  which  have 
the  lowest  proportion  of  silver.  If  our  previous 
hypothesis  concerning  nucleation  is  correct , then 
the  presence  of  unoxidized  silver  in  a film  indicates 
that  silver  particles  were  not  in  contact  before 
oxidation.  This  immediately  suggests  that  grains 
are  still  isolated  to  some  degree  after  oxidation* 
and  the  failure  to  oxidize  further  to  is  again  due 
to  the  slow  nucleation  rate  in  the  oxidation  of  ip-g  to 
On  the  other  hand,  oxidation  is  faoter  ir»  those 
sections  of  the  films  for  which  packing  is  closer  and 
spreading  to  adjacent  grains  is  possible.  The  fact 


that  high  proportions  of  fn  tend  to  accompany  low 
proportions  of  residual  silver  then  arises  because 
low  silver  content  indicates,  in  these  particular 
experiments,  close  packing  of  grains  and  the  required 
nucleation  rate  is  thereby  reduced.  In  silver  wires, 
on  the  other  hand,  grains  are  always  close  packed,  and 
silver  content  measures  only  the  extent  of  oxidation 
and  does  not  serve  as  an  indicator  of  grain  contact. 
Unfortunately * the  above  view  of  grain  isolation  is 
not  well  supported  by  microscopic  examination  of 
oxidized  films.  At-  kOGX  with  an  optical  microscope 
particles  are  observed,  and  these  particles  mu3t  be 
of  considerably  larger  size  than  0.1  micron.  X-ray 
investigation,  on  the  other  hand,  reveals  line 
broadening  such  as  would  be  expected  of  particles 
smaller  than  are  observed  microscopically  so  that  the 
observed  particles  are  probably  clusters.  We  do  not 
know  how  extensive  the  clustering  is  and  hence  the 
above  hypothesis  is  not  definitely  .disproven.  On  the 
other  hand  neither  is  it  established.  The  question 
must  remain  open  for  the  present  since  no  further 
experimental  results  are  at  hand  to  test  it,  and 
neither  is  any  plausible  alternative  explanation  of 
the 


The  distribution  of  Ag£0  in  the  products  is  also 


90 


of  interest.  This  substance  tends  to  appear  in  higher^  , 
proportion  in  the  thick  sections.  Kven  there  the 
proportion  is  smell  in  most  cases.  The  oxidation  of 
silver  ’fire  showed  that  partial,  hut  deep,  oxidation# 
in  which  the  supply  of  silver  is  not  exhausted  lead 
to  the  formation  of  a layer  of  AffeO  between 
unoxidized  silver  and  the  higher  oxides  V-* » The  S .1 

presumption  is  strong  that  unoxidized  silver  provides  ~ 
a source  of  silver  atoms  which'  diffuse  through  the 
layer  at  a sufficient  rate  to  react  with  excess 
oxidising  agent  and  thus  prevent  the  further  oxidation 
of  Ag20.  It  is  a known  fact  that  ozone  can  oxidize 
monovalent,  silver  to  the  divalent  or  trivalent  State 
(Section  4 ♦4)*  'fhen,  therefore,  the  supply  of  silver  ; 
is  exhausted,  further  oxidation  of  Ag20  to  tfr,  is 
to  be  expected.  In  the  thin  sections  of  silver  films 
the  small  { <*  100A)  silver  particles  oxidize  rapidly 
to  completion  once  a nucleus  is  formed.  Hence  Ag20, 
if  formed  at  all,  is  rapidly  oxidized  further.  In 
the  thick  sections  the  supply  of  silver  is  greater  so 
that,  even  though  the  supply  is  exhausted,  complete 
oxidation  of  Ag20  does  not  take  place  within  the  time 
of  experiment.  In  the  oxidation  of  a large  silver  grain 
it  seems  highly  likely  that  at -some  intermediate  stage 
the  grain  consists  of  a core  of  silver  with  Ag20 
surrounding  it  and  an  additional  layer  of  or 
(or  both)  surrounding  the  whole.  Whether  even  very  small 
trains  pass  through  such  a stage,  is  unknown.  No 
definite  indication  of  Ag20  has  been  found  in  the  study 
of  films , thin  enough  to  consist  of  Isolated  grains,.  To. -r' 
oxidized  bv  ozone,  rf,  or  glow  discharge.  .To  summarize, 
the  low  Ag20  content  of  oxidized  thick  silver  films  in 
comparison  to  partially  oxidized  wire  is  due  t© 
exhaustion  of  the  silver  supply  in  the  former  case  but 
not  in  the  latter.  In  the  very  thin  sections  of  silver 
films  the  coexistence  of  and  Ag  without  Ag20  is 
possible  because  the  intimate  contact  necessary  for  the 
diffusion  of  silver  is  not  established. 


4.32.  Sll.-gxidatipn  eg 

evaporatea silver  films. 

As  a result  of  the  difficulties  encountered 
in  oxidizing  silver  films  from  50  to  90S*  transmission 
during  the  preparation  of  semitransparent  cathodes  a 
special  tube,  PT27,  was  constructed.  At  the  time  the 
experiment  was  performed  we  were  under  the  erroneous 


Impression  that  failure  to  reach  90#  transmission  was 
duo  to  incomplete  oxidation.  Because  of  this 
impression  an  effort  was  made  to  oxidise  the  film  as 
coraoletely  as  possible.  The  x-ray  diffraction  respite 
are  therefore  of  some  interest  as  an  example  of  a 
heavily  oxidised  silver  film. 

In  tube  PT27  the  cathode  consisted  of  a Ix3inch 
microscope  elide  with  a chemically  deposited  platinum 
film  boundary  surface  and  an  evaporated  silver  wedge 
deposited  over  the  surface.  The  slide  was  mounted  in 
nickel  clips  which  were  attached  to  the  nickel-tungsten 
lead-in  wire  through  the  pyrex  tube  envelope.  The 
anode  was  a nickel-tungsten  lead-in  wire. 


The  tube  was  sealed  to  the  vacuum  system  and 
outgassed  at  250-28Q°C  for  1.5  hours.  After 
introducing  oxygen  to  Poo*  0.861  ram  Hg,  the  slide  was 
repeatedly  oxidised  with^the  glow  discharge  produced 
from  a repeatedly  charged  high-voltage  condenser. 
During  this  high-voltage  glow  oxidation  the  film 
appeared  to  be  oxidising  only  at  discrete  points  on 
the  surface  rather  than  uniformly  over  the  surface. 

The  final  oxygen  pressure  was  0.$33  mm  Hg  with  only 
a small  change  having  occurred  between  the  150th  and 
350th  condenser  discharge.  An.  aluminum  foil  sleeve 
was  thenrnXaced  around  the  Central  section  of  the  tube 
and  was  connected  to  the  rf  oscillator.  The  first  rf 
discharge  reduced  the  pressure  from  0.333  to  0.650  mm  1 
the  second  from  0*650  to  0,605  mm  Hg,  and  the  third 
from  0.605  to  0.564  mm  Hg.  During  this  process  there 
was  an  increase  in  the  transmission  of  the  surface, 
the  391*  region  increasing  to  approximately  60# 
transmission.  The  tube  was  then  sealed  off  the  vacuum 
system,  the  tube  envelope  fractured  and  the  slide 
removed.  The  film  contained  approximately  26 
micrograas  of  oxygen  per  square  centimeter. 


Microscopic  examination  of  the  slide  at  15,  45, 

90 5 and  440X  showed  a distinct  variation  in  the 
structure  of  the  oxide  film  along  the  wedge.  In  the 

0- 1  region  the  surface  consisted  of  a very  nodular 
black  oxide  film  resting  on  a substrate  of  unoxidized 
silver.  In  the  region  1-2  the  oxide  was  aggregated 
and  the  transmission  was  greater  than  in  the  2-3  or 

1- 2  region.  From  2-3  the  film  changed  to  a semi- 
transparent continuous  film  of  a blue-green  color, 
which  changed  to  pale  red  at  4,  and  a yellow-pink  at  5 


Accompanying  the  color  changes  there  is  a continuous 
increase  in  the  transmittance  of  the  film*  By 
reflected  light  (air-oxide  interface)  the  5 cm  region 
was  red,  changed  to  blue  at  4,  yfellow  at  3,  to  blue 
at  2," and  black  between  2 and  0*  Microscopic 
examination  of  the  oxide  film  between  2 and  5 at  440X 
showed  a continuous  film  with  occasional  islands  of 
aggregated  black  oxide. 

To  establish  the  composition  of  the  film,  x-ray  . 
powder  samples  of  the  oxide  were  removed  from  the 
2.5  - 3.5  region,  and  the  4.0  - 5.0  region.  The 
diffraction  data  are  presented  in  Table  XVII,  ; From 
the  diffraction  data  it  is  apparent  that  the  silver 
was  practically  completely  oxidised  in  the  region 
from  2,5  through  5*0.  Thus  it  was  established  that, 
in  the  early  experiments  on  the  preparation  of 
transparent  cathodes,  the  silver  was  practically  ^ 
completely  oxidised  and'  the  experimental  difficulties 
encountered  in  oxidising  to  70/&  transmission  could 
not  be  due  to  the  incomplete  oxidation  of  the  silver. 

In  Table  XVII  the  interplan ar  spacing  data  for  the 
AgO  oxide  and  the  ozone  granular  oxide  of  the  thick 
section  of  film  B (Table  XIII)  are  compared  with  the 
data  for  PT27,  It  is Vbvious  that  the  line  positions 
and  intensities  for  film  E and  PT27  are  in  close 
agreement.  The  same  solid  phases  are  obviously 
present,  in  the  two  cases,  it  must  be  noted,  however, 
the*  film  3 is  not  typical  of  silver  films  oxidized 
.at  high  temperatures.  Inspection  of  Table  XIII  shows 
that  the  2,62  line  is  much  weaker  in  films  F,  G,  H,  I 
than  in  S.  We  have  already  concluded  that  F.  G,  H,  I 
contain  two  phases,  fi  and  former  being 

present  in  much  greater  proportion.  This  suggests 
that  E contains  still  another  phase  as  indicated  by 
the  strong  2,62  line.  There  is  a further  possibility 
that  this  additional  phase  is  AgO.  However,  the  line 
positions  are  not  in  as  good  agreement  as  we  believe 
the  data  justify,  especially  in  view  of  the  sharp 
x-ray  lines  involved.  Because  only  one  x-ray 
diffraction  line  is  involved  we  prefer,  for  the  present 
to  leave  open  both  of  these  questions.  That  is,  we  do 
not  claim  that  an  additional  phase  is  conclusively 
established  nor  that  the  questionable  phase  is  AgO, 

We  do  claim,  however^  that  the  products  of  rf  oxidation 
are  the  same  as  for  ozone  oxidation  of  film  E,  and 
are  generally  similar  to  those  obtained  in  the  ozone 
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INTERPLAKAH  SPACIRO  DATA 
FOR  RF  OXIDE,  TOBE  PT27 
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TABLE  XVII . (Continued) 
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oxidation  of  filmo  F,  0,  H,  I except  for  a possible 
additional  phase.  Both  tyi  and  are  certainly 
present  in  the  rf  oridinec  silver  film. 

A microscopic  examination  of  a heavily  rf 
oxidized  silver  film  of  graded  thickness  has  also 
been  made.  The  oxidized  film  was  striated  in  a 
manner  suggestive,  on  superficial  examination,  of 
interference  colors.  These  colors  are  probabiv  due, 
however,  to  the  distribution  of  small  particles  in 
the  film  (see  Appendix  III). 


1.33.  Direct  current  glow 
discharge  oxHat ion 
or  silver  weageet 

----  For  the  glow-discharge  oxidation  study 
the  evaporated  silver  wedge  tube  design  discussed  in 
Section  2.1  was  used.  With  this  tube  design  it  is 
oossibla  to  deposit  a silver  wedge  of  varying  thick- 
ness • Horce  the  effect  of  varying  silver  thickness 
on  the  oxidation  could  be  studied, 

A series  of  six  wedge-type  tubes  were  prepared 
in  which  the  change  in  the  percentage  transmission 
{S-A  Surface  and  white  light)  of  the  50#  transmission 
region  during  the  glow  discharge  was  investigated. 

The  data  on  the  tube  ^reparation  are  given  in  Table 
XVIII.  In  the  oxidation  of  tube  1927-1 A-l  the  discharge 
was  maintained  for  6 minutes  in  order  to  verify  that , 
with  360  volts  across  the  tube  and  3-10  ma  current, 
the  cathode  was  completely  covered  by  the  glow  discharge 
When  tube  1927-15-2  was  oxidized  the  transmission 
appeared  to  pass  through  a maximum  and  consequently 
the  remainder  of  the  oxidations  were  performed  by  Just 
flashing  the  high  voltage  on  and  off  using  1 to  2 
second  discharges.  The  percent  transmission  versus 
total  discharge  time  ^or  the  last  four  tubes  prepared 
is  shown  in  Fig.  1A.  The  results  for  tube  1927-15-3 
hav*  slraadv  been  used  in  Section  3”. 5 to  Illustrate 
the  denendence  of  lieht  transmission  on  extent  of 
oxidation.  The  x-rav  diffraction  data  for  the  samples 
indicated  i>^  Table  XVIII  are  presented  in  Table  XIX, 

The  transmission  curves  in  Fig,  1A  clearly 
demonstrate  that  in  oxidation  the  transmission  of  the 
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table  xfin.  glow  discharge  oxidation  op  silver  wedges 
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TABLE  XIX, 


INTER  PL  AN  AH  SPACING  DATA  FOR 
HIGH  VOLTAGE  DC  GLOW  DISCHARGE 
OXIDIZED  SILVER  WEDGES 


The  d/n  Teluea  are  in  angstroms . followed  bv  relative  lntonglttJ3L 


Black 

d/n(I) 


Tube 


WF=i&=^ojfr 

9&>  Sffi> 


%cgs?r  ■^gjff|7sU:A 

Black  Black 

dMl)  d?n(I) 


fcSSJPT 


*v 

*, 


3.40(40) 

3.21(50) 

2l?7(?00) 

2.67(1) 


2.36  40) 

2.22  10) 


2.05(B) 

1.96(45) 


1.66(20) 


1.60 

1.45 

1.39 


20 

20 

6) 


1.24(15) 

1.226(5) 

1.19(6) 

1.14(10) 


.912(2) 

.636(2) 

.766(1) 


3.36(30) 

3.21(50) 


2.51(5)  2.53(10) 


2.36(40) 

2.21(5) 


2.04(4) 
1.97  50) 
1.64(1) 


i®1’ 


1.61(20) 
1.45  6) 
1.39(5) 

1.24(15) 

1.226(5) 

1.14(10) 

1.07(2) 

.961(2) 


.924(1) 

.679(1) 

.636(1) 


3.39  30 
3.20  40) 
2.96(5)  „ 
2.76(100) 
2.64(5)  , 

2.51(10) 
2.43(4) 
2.37  10) 
2.23(5) 


2.05(5) % 
1.97(20) 


3.36  30 
3.21  50 
2.99(10) 
2.76(100) 


3*40(30) 
3.20  40) 


3*40 

- , , 3*21 
2.91(10)  3.00 
2.76(100)  2.76 


25) 
40) 
5)  , 
100) 


20)  1.66(10) 


1.61(10) 
1.45  12) 
1.39  5) 
1.26(4) 


1.13(5) 


.915(5) 


2,53(2) 

2.36(6) 

2.20(5) 


2.06 

1.96 

1.61 


5) 

25 

10 


2*54(15) 

2.36(10) 

2.11(12) 


1.96(25) 

1.62(4) 


1.67(15)* 

1.60(10) 


1*60(5) 
1.44  4) 
1.36(3) 


1.24(10)  1.24(10) 


Broad 

Lines 


2.51(10) 

2*36(40) 

2.24(2) 


2.05(10 

1*97( 20 


1.66(6)  1.66(6) 


1.61(3) 
1.45(20) 
1*37  3) 
1.26(1) 
1.24(25) 


1.19(6) 

1.136(6)  1.14(3) 


.939(5) 

.916(6) 

,635(4) 

.766(4) 
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TABLE  XU t (Continued) 


fellsw 

i/Sm 


Black 

d?*?I) 


Black 

d/n(I) 


im 


Tello*r 

d/n(I) 


Yellow 

d/nil) 


iy  ■ 


5.43(40) 

3.21(AO) 

2.93(5) 

2.75(60) 


2*36(100)  2.36(50 
2.25  5)  2*22(5) 
2.0B(2) 


2.06(10) 

1.97(B) 

1*60(5) 

1.45(15) 

1.24(20) 

1*21(5) 


.936  6 
.914  6) 
*634(5) 

.766(4) 


3.39  25  3 .39  30) 

3.21  25)  3.20  30)  3.21(30) 

2.96(5)  k 2.966)  v 3.01(5) 
2.76(100)  2.75(100)  2.76(100) 


2.46(10) 

2.36(50) 

2.22(5) 


2*05(20 

1*97(20 

1*67(10 

1*61(5) 

1*45(20) 

1.24(25) 

1.19(B) 


1.011 

1 

.9401 

5) 

.916 

>3 

.3351 

f3) 

to 

• 

2.43  1) 
2.35  50) 
2.22(1) 


L1H8 

1.63(10 

1.64(12 


1.45(15) 

1.397(2 

1.24(17) 

1.16(5) 


.936(4) 

.917(4) 


2.50(20) 

2.36(40) 

2.21(2) 

2.07  6) 
1*96  20) 
1.67(7) 

1.61(10) 

1.45(15) 

1.24(16) 

1.19(4) 

1.14(1) 

.939(2) 
.917  4) 
.637(1) 


3.39(30 
3.19(40) 
3.01 
2*75  BO) 
2.6B  10) 


1.61(5) 

1.45(30) 

1.24(35) 

1.13(20) 

1.134(5) 


.940  20 
.917  25 
.335(20 


.941(2) 

.917(2) 


.736(1)  .736(20) 
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film  increases  to  a maximum  and  than  decreases. 

Thii  observation  accounts  for  the  difficulties 
previously  encountered  in  oxidising  to  90% 
transmission.  The  oxidation  methods  previously 
used  were  so  rapid  that  the  maximum  was  passed 
without  recognising  its  presence. 

In  the  preparation  of  the  oxide  samples  for 
the  x-ray  diffraction  powder  specimens,  several 
interesting  observations  were  made.  When  the 
film  for  the  powder  specimen  from  the  first  four 
tubes  was  scraped,  the  oxide  was  observed  to  be 
black  when  aggregated,  easily  removed,  end  easily 
pulverised.  The  oxide  in  the  90/6  transmission 
tubes,  when  the  tube  was  scraped,  tended  to  peel 
and  had  a continuous  film-like  structure,  a yellow 
semitransparent  appearance,  and  was  not  easily 
pulverised  for  loading  into  the  capillary.  After 
being  pulverised  the  oxide  was  black.  A powder 
photograph  of  the  yellow  oxide  was  prepared 
immediately  after  filling  the  capillary,  and  a 
second  was  made  three  weeks  later.  The  first 
photograph  indicated  that  the  silver  particle  size 
in  the  snmole  was  very  small,  probably  appreciably 
less  than  lOOA,  since  no  silver  lines  were  observable 
with  interplanar  spaclngs  less  than  2*02*.  The  second 
photograph,  which  involved  doubling  of  the  exposure 
time,  showed  sharp  silver  diffraction  lines  indicating 
that  the  silver  crystals  had  grown  in  size.  It  would 
be  of  interest  to  investigate  this  phenomen  using 
focusing  x-ray  cameras  with  which  it  would  be  feasible 
to  study  the  actual  surface  film.  Considering  the 
results  quoted  in  the  previous  section  on  the  formation 
of  transparent  yellow  sections  in  the  rf  discharge 
oxidation  of  a silver  wedge,  it  is  evident  that  the 
formation  of  the  yellow  transparent  oxide  film  involves 
a fairly  complex  process.  Actually  the  amount  of  oxygen 
per  unit  area  for  a 90*  transmission  tube  Is  of  the 
order  of  magnitude  reouired  for  the  formation  of  the 
first-order  yellow  color  on  the  massive  cathode  tube. 

From  the  x-ray  diffraction  photographs  it  is 
evident  that  a crystalline  oxide  phase  is  formed  during 
the  oxidation  process.  It  is  also  evident  from  the 
diffraction  line  at  d/n3  2,0W  that  residual  silver  is 
present  in  the  surface,  and  that  a high  transmission 
does  not  imply  complete  oxidation  of  silver.  Silver 
is  present,  in  both  the  thick  and  thin  sections  of  the 
film.  This  is  in  contrast  to  the  results  for  ozone 


oxidised  films  where  metallic  silver  was  found  mainly 
in  the  thin  sections.  There  is  no  real  contradiction 
of  th«  results  of  Section  4.31,  however,  as  is  pointed 
out  later*  ~7 

Prior  to  considering  in  detail  the  x-ray  data 
of  Table  XIX  it  is  to  bo  noted  that  the  interplanar 
spacing  and  intensity  data  for  these  samples  are 
subject  to  greater  error  than  for  the  thick  oxide 
films  of  Section  1.31,  because  of  the— line  broadening 
associated  with  small  crystallite  size. 

The  nature  of  the  solid  phases  produced  on  dc 
glow  discharge  oxidatioh  can  beet  be  indicated  by 
comparison  with  ozone  oxidised  films.  In  Table  XX 
the  x*»ray  powder  diffraction  pattern  for  film  B of 
Table  XV  is  compared  with  that  for  a 10  - 60$ 
transmission  silver  film  which  has  been  oxidized  to 
90$  in  a dc  glow  discharge  (see  fable  XIX),  The  -- 

diffraction  patterns  are  in  fairly  good  agreement. 

The  chief  points  of  difference  are  Cl ) at  high  values 
of  d/n  the  line  positions  do  not  accurately  agree, 

(2)  several  weak  lines  in  the  ozone  oxidized  film  are 
absent  from  the  other  film,  (3)  the  lines  at  1,67  and 
1,61  are  more  intense  in  the  glow  discharge  oxidized 
film,  and  (1)  in  the  glow-discharge  oxidized  film  the 
lines  at  .1*15  and  1.21  have  higher  intensities 
relative  to  the  line  at.  2.07  than  would  be  expected 
for  metallic  silver.  The  first  of  these  discrepancies 
is  probably  due  to  high  background  at  high  d/n  and 
to  line  broadening,  if  we  examine  Table  JK  we  see 
that  soma  variability  in  lino  position  is  found.  The 
discrepancy  is  probably  not  3erious,  The  second 
discrepancy  must  be  minor  since  the  linos  are  so  weak. 
The  greater  line  broadening  in  the  glow-discharge 
oxidized  samples  makes  it  difficult  to  observe  the 
weakest  lines.  The  third  discrepancy  is  unexplained. 
Comparing  Tables  XV  and2K  we  find  a consistent  tendency 
for  the  1.6?  and  1,61  lines  in  Table  XV  to  be  weaker 
than  in  Table  m.  The  two  lines  tend  to  have  equal 
intensities  in  both  cases,  however,  -W-e --cannot  be  sure 
whether  an  additional  phase  is  indicated  or  whether 
the  intensity  scales  are  somewhat  different  in  the  two 
cases  because  of  differences  in  line  breadth.  The 
fourth  discreoancy  seems  to  be  of  general  occurrence 
(see  Table  XX)  and  indicates  that  another  phase  may 
be  contributing  to  the  lines  at  1.45  and  1.24  (and  also 
to  2,36).  Again  the  results  are  not  quite  conclusive. 
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TABLE  XX.  COMPARISON  OP  OZONE  AND  GLOW 

DISCHARGE  OXIPIZgD  SILVER  FILMS 


The  d/a  values  are  In  angstroms,  followed  by  relative 

tatfinaltaJli .. 

Osoiie  DC  Glow  Discharge 

Film  D Tube  1927-16-5 

Table  XV  40*60$  Transmission 

d/nU)  ^ d/n(I) 


3.36(40 
3.16(W>) 
3,02(2) 
2.73(100) 
2.66(3) 


3.42  30) 
3.21(30) 
3.01(5) 
2.76(100) 


2.50 

2.36 

2,19 

2,05 

1,96 


10 

90) 

2) 

20) 

6) 


Ag 

Ag 


2.50  20) 
2.36  90) 
2.21(2 i 

2.07  6) 

1.96(20) 


Ag 

Ag 


1.66(2) 

1.60(2 

1.51(1) 

1.44(20) 

Ag 

1.26(1) 

1.23(30) 
1.21  1) 

Ag 

1.16(5) 

1.14(1) 

.967(1) 

1.67(7) 

1.61(10) 

U45U5) 

Ag 

1.24(16) 

Ag 

1JL9<4) 

1.14(1) 

•940< 

,917< 

.6361 

.767( 


li 

l\ 


.939  2) 
.917(4 
.637(1) 
.766(1) 


Stesplte  these  uncertainties  there  can  be  nq 
doubt  Hi  to  the  similarity  between  oxidation  pro duets 
obtained  in  the  two  cases , and  we  conclude  that  in 
gloW*di schar ge  oxidation  solid  phases  ^d  Ag  o«nur* 
There  is  also  a possibility,  not  definitely  proven,  ♦' 
that  the  tf2  l*06®  are  due  either  to  more  than  one 
phase  or  to  a solid  phase  of  variable  compositiotu  ; 

Th®  whole  difference  in  powder  diffraction  patterns 
is  one  of  intensity  and  this  is  not  large , especially 
considering  that  tne  intensities  are  visual  estimates 
and  the  lines  have  different  breadths#  Beyond  this 
we  cannot  go  at  present. 


There  is  some  doubt  as  to  whether  Ag^O  is  present 
or  not.  It  seems  highly  unlikely  that  any  large 
proportion  of  Ag20  is  present,  but  a small  amount 
might  regain  undetected.  As  has  been  pointed  out 
previously  the  Ag20  line  at  d/n  a 1*12  probably 
constitutes  the  best  test  of  whether^ A gfcO  is-  present* 
The  neighboring  silver  line  at  d/n  *1.44  is,  however, 
very  close  and  we  have  always  to  consider  the  question 
of  whether  reduced  resolution  due  to  line  broadening 
might  prevent  resolution  of  tha  two.  In  the  case  or 
the  regions  with  40-60  and  >60#  transmission  of  tube 
1927--14-1  (first  and  second  columns  of  Table  XIX). 
resolution  is  clearly  high  enough  since  a line  pair 
at  1.24,  1.226  is  resolved  in  the  first  case  and  a 
pair  at  1.24,  1.228  is  resolved  in  the  second  case. 

In  neither  case  is  any  line  at  1,42  found  and  hence 
Ag20  le  either  missing  entirely  or  present  in  vary 
small  proportion.  The  remaining  samoles  of  Table  XIX 
do  not  have  a line  at  d/n  * 1.42,  but  at  the  same  time 
adeouate  proof  of  high  resolution  is  not  contained 
within  the  data  and  hence  we  cannot  unambiguously 
conclude  that,  Ag20  is  absent.  At  present  we  can  only 
say  that  there  is  no  evidence  for  any  large  proportion 
of  Ag^O* 


Prom  the  volume  of  the  system  (1  liter)  and  the 
pressure  change  on  oxidation  the  amount  of  oxygen  in 
each  film  can  be  calculated.  The  film  area  is  subject 
to  error  because  the  thin  section  boundary  is  not 
clearly  marked.  The  estimated  area  is  approximately 
35.  cm  . Using  these  data  the  weight  of  oxygen  per 
unit  area  in  each  film  is  as  given  in  the  following 
table. 


Tube  No.  m:  Oxv  an /cm2  # Transmission 

1927-14-1  r- - 7.7  77 

1927-15-2  3.2  - 69 

1927-15,3  1.9  . 67 

1927-16-4  0.2  72 

The  percent  transmission  is  that  after  oxidation  and  is 
measured  at  the  point  for  which  the  silver  film  transmission 
before  oxidation  was  50$.  In  the  case  of  tube  1927-15-3 
the  initial  oxygen  pressure  was  0.610  mm  and  the  . pressure 
when  the  transmission  first  reached  91#  (at  the  point 
for  which  initial  transmission  was  50#)  was  0.600. 

From  these  data  the  film  contained  0.49  }LpJ cm2  of  oxygen 
at  91#  transmission.  This  is  comparable  with  the  amount 
of  oxygen  required  to  oxidize  a silver  sheet  to  the  first 
order  yellow.  The  amount  of  oxygen  raonired  to  reach  90# 
transmission  is  probably  not  accurately  reproducible. 

Tube  1927-16-4  is  unusual  in  that  90#  transmission  was 
never' reached  (see  Fig.  14). 

From  the  data  of  Sennet  and  Scott^  it  follows  that 
a silver  film  with  50#  transmission,  which  is  evaporated 
as  for  example  in  tube  1927-14— lr~ba.3  a thickness 
somewhat  lees  than  10QA.  A X00A  silver  film  contains 
0.9x10" 'gram  atoms /cm^,  if  close  packing  is  assumed. 

Tube  1927-1A.-1  contains  4.9x10“ 'gram  atoms  of  oxygen  or 
about,  five  oxygen  atoms  for  each  silver  atom  in  the  region 
for  which  the  initial  silver  film  transmission  was;  50#. 

As  pointed  out  previously  the  estimates  of  cathode  area 
are  Subject  to  considerable  error  because  the  boundary 
at  the  thin  section  is  not  clearly  marked.  In  addition, 
the  silver  evaporator  is  -sealed -in-and  some  oxidation 

of  the  bead  and  the  silver  intercepted  on  the  shield  .1 

is:  to  be  expected,  nevertheless,  the  ratio  of. 5 to  1 
for  oxygen  to  silver  atoms  exceeds  by  considerably  more 
than  an3'-'  reasonable  experimental  error  the  3 to  2 ratio 
for  t&fejnost  highly  oxidized  silver  compound  reported  . 
in  the  literature.  Respite  the  fact  that  the  average 
amount  of  oxygen  taken  up  considerably  exceeds-  that 
required  to  oxidize  Tver  completely  to  tho  tri valent 
state,  metallic  silver  still  row’ins  in  the  section  of 
oxidized  film  which  had  40  - 60#  transmission  before 
oxidation  (see  Table  XIX).  In  fact,  metallic  silver  is 
also  found  in  the  still  thinner  section  for  which  the 
initial  transmission  was  greater  than  60 # ( see  Table 
XIX).  These  results  can  be  accounted  for  only  on  the 
basis  of  the  assumption  that  the  thicker  sections  of  th©~ 
silver  film  take  up  more  oxygen  than  the.  thin  sections. 
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for  "tube  1927-15*2  bur --f-l:/ .:k 
hot  necessarily  for  I927-45-^«i‘  1927^X6-4  a inoe  . 

take-up  in  the  latter  cases  is  small*  It 
' should  be  pointed  out  that  £Hm  sections  were 
"contained  in  the  tubes  which  were  considerably  ^ ^ 
thicks^  tharr  any  ^icli- tho.'-s amplea.  p£.^abie^p;:'. 

~XTT- were  taken*  • •.  /fk:'.- 

rrT  It  has  -previously  been  pointed  out  that  the  1.^  : ^ 
samnles  of  Table  "‘tit  oxidised,  in  a dc  glov/  discharge  - 
;\bohtnin-'--a'ilver'  in  both  the  thick  And  thin  sections-, 

’•/here as  tho  07, one  oxidized  s amblks  of  Tables  XIII, 

XIV,  XV  contain  silver  in  the  thin  sections  but  Hot 
•;in  th°  thick  sections.  .War  might  expect  differences  ; hf 
merely  because  the  oxidation  methods  are  different#  _ .. 

Nevertheless,  oxidation  of  silver  wires  bv  >'«n<T‘- '^3w. 

bv  rf  glow  discharge  has  been  found  to  lead  to 
sarie  oxidation  products  (Section  i. 2)  so  it  becomes 
"Of  interests  to  inquire  more  carefully  into  possible 
reasons  for  the  difference  other  than  oxi riot ion  method. 
More  'careful,  consideration  shows  that  all  of  the 
saranles  of  Table.  XIX  conie__frors._fiin  sections  which 
are  "thin”  in  comparison  with  the  ozone  oxidized 
samnles  of  Section  h .31.,  Consider,  for  example * the. 
thickest  samnle  from  tube  1927-14-1  of  Table  XIX. 

The  transmission  was  approximately  20/&,  The  thin 
section  of  o rope  oxidised  film  D was  scraped  from  the  “ 
vSdctipp.  i .5  t.or  1*5  cm  from  the  thick  end.,'  .^d.r^rdm"" ; 1 '"t:4’ 
Fig.  11  it  follows  that  the  percentage  transmission  ...  . 
at  700  mu  war  less  than  20$.  The  evaporation  times, 

6 minutes  for  tube  1927-11-1  compared  to  15  minutes 
for  film  D,  do  not  differ  enough  to  materially  alter 
the  fact  that  even  the  thick  section  of  tube  1927-14-1 
is  Comparable  in  thickness  v/ith  the  thin  section  of  :-^v‘ 
film  D.  It- is  highly  likely  that  even  the  thick  section 
of  the ' former  tube  has  a thickness  below  the  critical 
value  at  which  silver  grain  contact  is  established.  In 
the  remaining  tubes  the  evaporation  time  is  much  smaller 
(see  Table  XVIIT).  The  results  of  Sennet  and  Scott, 
show  that  critical  thickness  goes  down  vrith  decreased 
evaporation  time  although  it  is  about  lOCrA  even  for  a 
"2-sec  evaporation#  The  thickness  of4 the  intermediate 
and  thin  sections  of  Tabic  XIX  are  unquestionably 
below  the  critical,  and  at  least  some  portion  of  the 
area  scraped  in  samoling  the  thick  section  also  has 
thickness  below  the  critical,  riven  the  thickest  portion 
of - the  thlck  .j^^  on  the_  verge . of  jtpe_ 

critical  thicl^eh&*  v‘ 
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.It  seems  very reason able , therefore , to  compare 
*11  the  samples  of  Table  XIX  to  the  thin  Motions  of 
the  osone  oxidised  samples  of  Table  XT.  It  has 
already  been  pointed  out  that  the  x-ray  diffraction 
spectra  are  very  similar,  the  chief  differences  being 
in  intensity,  and  it  is  not  sure  that  the  differences 
are  signlf leant*  On  the  Whole  there  is  a striking 
similarity  between  the  products  of  oxidation  with 
oeone  and  with  the  glow  discharge,  not  only  for 
massive  silver  but  for  thin  silver  films.  Again  we 
find  that  film  thickness  is  the  decisive  factor  in 
determining  the  oxidation  produets*  We  do  not  mean 
to  imply  that  the  oxidising  agent  in  the  glow  discharge 
is  actually  oeone*  There  is  no  evidence  for  this  view* 
It  is  possible  that  some  osone  is  produced  in  the  low 
pressure  glow  discharge,  but  the  steady  state  partial 
pressure  must  be  small  sines,  with  inert  electrodes, 
the  pressure  change  on  operating  the  discharge  is  very 


It  seems  clear  that  oxidation  brought  about  in  the 

g*ow  discharge  by  positive  ion  bombardment  will  be  less 
thin  than  in  thick  films  because  of  electrical 
isolation  in  the  former.  Oxidation  brought  about  by 
electrically  neutral  species  can  also  be  smaller.  This 
is  demonstrated  by  the  osone  oxidations  of  Section  A#31, 
and  quite  poseibly  the  same  situation  may  prevail  in 
oxidation  by  neutral  species  in  glow  discharges  even 
though  the  oxidising  species  are  not  the  same  in  the  two 
eases,  provided  that  nueleation  is  the  rate  determining 
step  in  thin  films.  The  evidence  thus  far  quoted  does 
not  distinguish  between  the  two  alternatives.  It  is,  ...... 

in  fact,  possible  that  both  positive  ions  and  neutral 
species  contribute  to  oxidation. 


There  is  some  evidence  which  points  to  nueleation 
rate  as  an  important  factor  in  glow  discharge  oxidation. 
The  highly  nonuniform  oxidations  obtained  with  certain 
evaporated  silver  films  has  been  pointed  out  in  Section 
3.  The  films  referred  to  had  thicknesses  of  10,Q00A, 
much  greater  than  the  films  to  Table  XIX.  It  seams 
certain  that  particle  contact  is  established  in  such 
thick  films  and  that  current  distribution  in  the  base 
metal  cannot  account  for  the  nonuniforaity.  Moreover, 
visual  observation  indicated  complete  cathode  coverage 
by  the  glow  in  oxidation  of  these  samples.  This 
observation  is  of  course,  only  qualitative  and  does  not 
insure  accurate  uniformity  of  current  density  over  the 
cathode.  At  the  time  the  experiments  were  performed, 
however,  we  found  it  hard  to  reconcile  the  nonuniform 
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oxidation  with  the  idea  of  nonunlforra  current  density 
In  view  of  the  appearance  of  the  discharge.  It  has 
also  been  pointed  out  in  Section  A. 2 that  nonuniform 
oxidation  of  silver  wire  by  rf  glow  discharge  has  been 
observed  which  ±s  very  similar  to  that  observed  in 
ozone  oxidation*  This  observation  is  again  consistent 
with  nucleation.  Finally,  the  observation  in  Section 
2**32  that  oxidation  beginning  at  points,  and  not 
spreading  far.  was  observed  in  oxidation  of  a silver 
film  of  graded  thickness  by  repeated  discharge  of  a 
condenser  is  also  suggestive  of  a nucleation  mechanism. 

The  hypothesis  of  a low  nucleation  rate  seems  to  us 
to  be  plausible  in  view  of  all  the  evidence*  In  the  case 
of  the  glow-discharge  oxidation  of  thin  films  we  cannot 
exclude,  however,  the  possibility  that  electrical  iso- 
lation is  responsible  for  the  failure  to  nucleate.  Very 
thin  insulating  layers  of  some  impurity  may  al30  be  a 
factor.  At  present  both  of  these  must  be  lumped  with 
other  factors  as  possible  causes  for  what  we  have  called  a 
”low  nucleation  rate”.  In  other  words  we  have  nothing  to 
offer  as  a mechanism  by  which  nucleation  is  promoted  or  ' 
retarded.  ' 


A. 32*.  S j Iyer  films  oxldi zed 
by  opmmaroial  process, 

In  addition  to  the  tubes  described  in  the 
preceding  section,  x-rav  diffraction  patterns  have  beon 
prepared  of  the  oxidised  surface  formed  by  the  rf  oxidation, 
using  a coramercial  process,  of  evaporated  silver  from  30$ 
to  approximately  the  maximum  transmission.  In  the 
diffraction  pattern  the  lines  sho*m  in  Table  XXI  were  observed* 


TABLE  XXI.  INTERPLAKAR  SPACING  DATA  FOR 

C01-MERCIALLY  RF  OXIDIZED  SILVER  FILM. 
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are  indebted  to  R.G.  Stoudenheiaer  of  the  RCA  Victor 
Division  of  RCA  for  these  partially  processed  tubes1. 


Th®  transparent  oxide  film  in  these  tubes  exhibited 
the  yellow  color  previously  observed;  however t on 
scraping  a black  oxide  aggregate  rather  than  a peel 
was  obtained.  The  x*ray  a if fraction  photographs 
clearly  demonstrated  the  oresence  of  unoxidized 
silver,  thus  confirming  the  orevious  observation 
that  a 90J*  transmission  film  contains  unoxidized 
silver.  In  the  photographs  the  intense  line  2.714 
consisted  of.  a broad  line  with:  two  apparent  intensity 
maxima  corresponding  to  2. 75 A and  2.66A.  The  silver 
diffraction  lines  at  2,36,  1.45,  and  1.23A  were 
rather  intense  and  it  appears  likely  that  other 
phases  are  contributing  to  these  lines*  The  low 
intensity  of  the  1.68A  line  relative  to  the  1.45A 
line  suggests  that  appreciable  Ag20  is  not  present. 

It  is  also  significant  that,  in  contrast  to  the 
previous  905&  transmission  tubes,  the  3*40  and  3 • 21 A 
lines  have  a relatively  low  intensity  compared  to  the 
2.75A  line.  It  is  possible  that  some  oxide 
decomposition  may  have  occurred  in  the  evacuated 
tube  during  the  period  of  approximately  one  month 
between  fabrication  and  x-ray  powder  samnlirg.  It 
is  also  of  some  interest  that  the  1.68  and  1.61  lines 
have  intensities  which  agree  well  with  those  observed 
in  ozone,  oxidation  (see  Table  XXI),  Otherwise  there 
seems  to  be  no  essential  difference  between  this  tube 
and  the  glow-discharge  oxidized  films  of  the  previous 
section. 


. 4*4  ■ Chemical  Sature  of  the 

Oxidation  Products.  i-  • •/  — 

r From  the  foregoing  investigation  it  seems  to  be 
established  that  two  solid  silver  oxides,  not  Ag20 
nor  AgO,  are  formed  in  the  oxidation  of  silver  by 
ozone.,  rf.  and  dc  glow  discharge.  A complete  structure 
determination  dbes  not  seem  feasible  on  the  basis  of 
these  data.  Some  progress  toward  an  understanding  of 
the  general  chemical  nature  of  the  products  can 
nevertheless  be  made  by  utilizing  the.  chemical 
information  which  is  available  on  the  oxidation  states 
of  silver.  This  information  is  very  briefly  reviewed 
below  and  the  connection  with  the  present  work  is 
indicated. 
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KM  PgopertlQa  of  di«  and 

trivalent  silver  compounds  t 

The  oxidation  stete  for  silver  is  the  nostaal 
one  in  silver  compounds  and  is  so  well  known  that 
further  discussion  seems  unnecessary.  It  seems  to  be 
established,  however,  that,  silver  has  oxidation  states 
of  4-2  and  4*3  in  certain  less  well-known  substances* 

We  shall  be  particularly  concerned  with  these  higher 
oxidation  states  in  what  follows. 


The  early  literature  on  the  higher  oxidation 
states  of  silver  is  somewhat  confusing  as  is  indicated 
by  reviews  on  the  subject1^^*.  During  the  course  of  a 
number  of  more  recent  investigations,  howover,  the 
Situation  has  been  considerably  clarified.  In  1926 
Tost*”  studied  the  initial  black  silver  oxide  - 
precipitate  formed  on  reaction  of  ammonium  persulfate 
with  a silver  salt.  The  precipitate  is  a powerful 
oxidizing  agent,  the  oxidation  number  being  compatible 
with  the  existence  of  trivalent  silver.  ^Further 
investigation  on  this  subject  by  Carmen,®  during  the 
course  of  another  investigation,  showed  that  on  standing 
the  oxidation  number  of  the  black  precipitate  decreased 
to  that  expected  for  divalent  silver.  This  indicated 
a reaction  between  trivalent  silver  and  monovalent 
silver  to  produce  divalent  silver.  Later  investigations 
showed  that  pure  AgO  could  be  prepared  by  treating 
potassium  persulfate  solutions  with  iivar  nitrate. 

The  method  of  de  Boer  and  Van  Ormand^was  used  in 
preparing  the  AgO  so-” pie  whose  powder  diffraction  pattern 
is  given  in  Table  VIII.  As  stated  in  Section  1.1  the 
substance  obtained  is  too  strong  an  oxidising,  agent  to 
be  a peroxide. 


The  production  of  trivalent.  silver  in  aqueous 
solutions  bv  means  of  ozone  oxidation  has  been  extensively 
studied  by  A. A.  Noyes  and  collaboratorslf5i*9,20,21,22. 

By  means  of  kinetic  studies  it  was  shown  that  production 
of  a hydrolyzed  trivalent  silver  ion  (AgO*)  is  the  first 
step  in  the  oxidation  in  aqueous  solution.  The  trivalent 
silver  is  then  rapidly  reduced  to  divalent,  silver  by 
reaction  with  monovalent  silver.  The  oxidation  of 


metallic  { 
Jellinek^' 


liver  by  ozone  has  been 
: and  by  Tronstad  and  Hoverstad 


tudiedfoy  Jirsa  and 
rstad^x.  The  otodrn 


The  products 

formed  were  found  to  deoend  markedly  on  the  conditions 
of  oxidation  including  the  moisture  content,  of  ozone^r. 
Both  trivalent  and  divalent  silver,  in  the  form,  of  oxides, 
could  be  produced.  An  x-rav  study  of  comolex  saltsi® 
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has  provided  evidence  for  the  existence  of  divalent 
silver  in  the  solid,  state. 

The  divalent  and  trivalent  oxidation  states  for  ; 
silver  seem  well  established  and  the  corresponding 
oxides  AgO  and  Ag203  are  to  be  expected.  It  has 
previously  been  pointed  out  in  Section  A.X  that  an 
x-ray  powder  diffraction  pattern  has  been  obtained 
for  the  former  but  not  for  the  latter  in  a pure 
form.  It  is  not  oossible,  therefore,  to  identify 
a*2°3  among  the  oxidation  products  by  means  of 
X-ray  diffraction  methods.  Some  additional  information 
can  obtained,  however , by  means  of  a qualitative 
chemical  study  ■which  is  described  below. 


......  It  has  not  b^en  feasible  to  undertake  a 

detailed  chemical  analysis  of  the  oxide  formed  during 
the  glow-discharge  oxidation  of  silver;  however, 
several  qualitative  experiments  have  been  performed. 

A few  milligrams  of  the  black  high-voltage  glow 
discharge  oxide  was  prepared  bv  repeated  oxidation  of 
a silver  sheet  and  brushinr  off  the  loose  surface 
oxide.  Ibis  oxide  dissolved  in  1#N  H2Sor  to  give  a 
deep  brovm  solution.  The  acid  solution  gave  no  pest 
for  H202  using  a titanium  sulfate  solution.  The  solid 
..added  to  a dilute  acid  solution  oxidized  I*  to  Ipr  and 
to  Hno:.  In  addition,  the  suspension  of  the 
solid  in  water  slowly  reacts  with  the  evolution  of  a 
.gas.  If  the  solution  is  acidified  with  dilute 
sulfuric  acid  there  is  an  initial  vigorous  gas  evolution 
which  is  followed  by  a slow,  steady  rate  of  gas  evolution. 

The  chemical  properties  of  the  oxide  described  above 
are  consistent  with  the  assumption  that  the  oxide  formed 
in  the  glow-dls charge  oxidation  contains  silver  in  a 
valence  state  higher  than  4*1.  It  is  also  of  interest 
that,  when  slightly  oxidized  thin  evaporated  silver  films 
are  rinsed  with  concentrated  sulfuric  acid,  a reaction 
occurs  during  which  a brown  coloration  is  observed  at 
the  reaction  zone.  Thus  silver  in  valence  state  higher 
than  41  is  present  even  in  thin  oxidized  silver  surfaces. 
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In  the  first  of  “the  experiments  described  above 
the  silver  sheet  was  not  coonletely  oxidized.  It  is 
to  be  expected,  therefore,  that  the  oxidation  products  .^r; 
are  as  described  in  Section  i. 2 for  silver  wire.  Prom 
the  x~rav  povrder  diffraction  .data  of  Table  X and  the 
discussion  of  Section  A.l  it  appears  that  AggO,  'fi, 
and  Vfb  are  the  phases  present.  AgO  if  present,  at  all 
must,  be  in  small  amounts.  The  oxidizing  power  of  the 
oxide  must,  then  be  due  to  (fa.  ^2  or  both.  From  the 
chemical  behavior  of  thin  films  and  the  known  fact 
that  thin  films  oxidized  in  the  dc  glow  discharge 
contain  mainly  ^2  3X1(1  AS>  it  appears  t,hat«P2  is  3 
strong  oxidizing  agent.  This  is  farther  confirmed  by 
the  behavior  of  oxide  formed  in  the  incomplete  — 

oxidation  of  silver  sheet  although  in  this  case  'f  1 
is  also  present.  No  conclusive  direct  evidence  is 
found  that.  is  a strong  oxidizing  agent.  It  seems 
highly  likely  that  ¥l.  ls  an  oxidizing  agent,  however, 
because  either  by  ozone  oxidation  fet  high  temperature 
or  by  extreme  rf  oxidation  (Section  A. 32)  .*1  is 
produced.  Since  these  conditions  are  such  as  to 
produce  extreme  oxidation  it  seems  verv  likely  that  ^ 1 
also  contains  silver  in  a valence  state  higher  than  ■ft • 
Since  there  is  no  conclusive  evidence  for  the  nregonce 
of  AgO  we  are  inclined  to  think  that,  both  H***  and 
contain  silver  vrith  valence  4>3  or  higher,  Two  different 
crystalline  modifications  of  AE2O3  might  be  involved, 
although  no  definite  evidence  is  available  to  indicate 
this.  Whatever  the  precise  structures  of  the  solids 
may  be,  it  certainly  seems  to  be  established  that  the 
oxides  formed  are  strong  oxidizing  agents. 


4.5  OXIDATION  AND 

PHOTOSURFACE  PROPERTIES 

During  the  investigation  of  the  gross  composition 
of  the  photosurface  using  radioactive  cesium,  significant 
results  were  obtained  relating  the  oxidation  step  to  the 
photoelectric  and  thermionic  emission  of  the  photo  surface 
(see  report  no.  2 of  this  series).  The  conditions  for 
the  preparation  of  a good  infrared«aensitive  surface  on 
a massive  silver  substrate  had  been  well  established  at 
the  time  the  tracer  studies  were  undertaken.  Consequently 
a tube  design  for  the  tracer  study  of  photoeurfaoe 
composition  was  adopted  in  which  the  photosurface  was 
formed  on  a thick  ( 10,0001)  evaporated  silver  film 
deposited  on  a microscope  cover  glass  as  substrate. 


4 tjb  .***  ahaumed  that  photoeathodet  prapar*4 

ft^thevMlhitfc  rraporated  silver  surface  would  ba 
fa  'thoaa  pitpuad  using  a massive  silver 
WBUbSM I fha  fallowing  paragraphs  tha  relationship 
abtflhr#*  batwaau  tha  ailver  flu*  eharaeteristics  •-■■ 
ia  j*hotocathode  chax-actarlatide  is  4S.wmn*4.m: 

- data  fbr  th®  i^histigatiaii  are  presented 

Sji-  thh  Waster*  • Begree  Thesis  of  V*  Katfbaa##  ffc«f 
rafilts  ara  also  deeerlbed  in  detail  in  Part  II  of 
this  final  report  aeries. 


Uut  the  initial  stages  of  the  tube  fabrication 
pttd&eastlvs  tubes  were  prepared  on  vacuum  -^v 
•wfiiih  ***  flit  fabrication  procedure  used  for  preparing 
tnes  tifetb  ift*  its  follows! 

' .&  •'Preliminary  eathod*  oxidation. 
xiMNlii*  tube  end  decoa^ose  oxide  at 
for  1*2  hours.  ■, 
ebb*  tub*  to  room  temperature. 

%ddi*e  Cathode* 

Heat  tube  at  I90°C  for  10  minutes. 

Mid  cesium  from  side  tube  using 
Auxilliarjr  furnace  to  heat  oeslum, 
lie.  the  side  tub*. 

Measure  emission  during  cesium 
addition  using  & Galvanometer. 

Steal  cesium  at  thermionic  amission 
flupcictts i. 


%# 

51 


?* 


%0-i  Gaul  tube  at  second  emission  maximum. 

1 Beal  tuba  off  vacuum  system. 

IX*  Bake  tube* 

In-  the  aa'Scauratsaat  of  the  thermionic  emission  during 
addition  it  was  net  possible  to  distinguish 
between  a thermionic  emission  current  and  an  ohmic 
CoiMtwtf currant  due  to  the  formation  of  a 
conducting  film  on  the  tube  envelope,  the  five 
ttipta  were  characterised  by  the  following  maximum 
atefeMumat  wavelengths  and  long  wavelengths  limits 
raipsetlvaifs  *1)  620  and  950  m/u»t  (2)  750  and 

?8fct  *zu&f  ! |)  tuba  not  sensitive}  (4)  955  and  1400m /*,} 
5)  7©5  and  1100  my*e.  In  the  group  there  was  only 
0m  tube  (Al  which  could  be  classified  as  & good 
infrared  sensitive  tube. 


Subsequently  a number  of  tubes  were  prepared 
by/ a modified  procedure  in  which  it  was  possible  to 
J^tarssin®  the  thermionic  and  photoelectric  emission 
during  eeeiu®  addition.  This  wds  accomplished  by 
necking  the  tube  off  the  vacuum  system  after  firing 
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tba  31*0 S2Ct‘(>k  pellet  and  mounting  the  tube  in  as 
oven  at  190°C  The  S1-CB2  GrOj,  pellet,  which 
provides  metallic  cesium  after  heating  with  an 
Induction  heater,  was  contained  In  a aide  tube 
connected  to  the  phototube  through  a fine  capillary 
Which  limited  the  rate  of  effusion  of  cesium  vapor 
in  the  phototube.  The  thermionic  emission  during 
the  cesium  addition  (which  was  slow  because  of  the 
capillary  constriction)  was  measured  by  connecting 
the  tube  to  a vibrating  reed  amplifier  Brown 
recorder  unit*  Photoemission  was  followed  by 
intermittent  Illumination  of  the  cathode  with 
White  light  passed  through  Infrared  filters,  the 
photoeurrent  being  recorded  as  a current  superimposed 
on  the  thermionic  emission*  The  apparatus  was  so.;.'; 
constructed  that  the  variation  of  the  photoelectric 
and  thermionic  emission  with  voltage  could  readily 
be  determined*  , • . 

Subsequently  a series  of  eight  radioactive  cesium 
tubes  were  prepared  in  which  the  Photoelectric  emission 
and  thermionic  emission  during  cesium  addition  were 
recorded  on  the  Brown  recorder.  With  one  exception, 
these  tubes  weirs  characterised  by  the  absence  of 
thermionic  emission  and  the  presence  of  a conduction 
leakage  current  during  the  cesium  addition*  In 
addition,  appreciable  infrared  sensitivity  did  not 
develop  during  processing  of  the  tubes*  The  photo* 
response  curves  were  characterized  by  a long  wavelength 
limit  of  the  order  of  850  - 1000  m/tand  maximum 
photocurrent  responses  at  5Q0  to  650  am.  During  the 
^reparation  of  the  tubes  numerous  processing  conditions 
were  varied  in  an  effort  to  learn  the  conditions  for 
the  production  of  a good  infrared  sensitive  surface* 

Finally,  after  establishing  that  the  difficulty 
was  not  connected  with  the  use  of  home  mad® 

Si-Cs^rOr  pellets  containing  radioactive  cesium,  it 
was  concluded  that  the  difficulties  were  associated 
with  the  silver  base  and  the  oxidation  process*  In 
the  oxidation  of  the  cathodes  difficulties  were 
encountered  in  forming  a uniform  oxide  film  during 
the  glow  discharge  oxidation#  It  was  found  that 
a repeated  oxidation  and  thermal  decomposition  process 
tended  to  improve  the  oxidation  characteristics  but 
did  not  appreciably  improve  the  infrarad  sensitivity/, 
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la  the  previous  experiments  the  silver  base 
was  formed  toy  the  evaporation  of  a 10 , 000 A silver 
film*  It  was  consequently  of  interest  to  prepare 
thicker  silver  film  surfaces  which  possibly  would 
behave  acre  like  the  massive  silver  cathodes* 
Cathodes  were  prepared  using  thicker  silver  films 
and  it  was  found  thatboth  integral  and  infrared 
sensitivity  were  markedly  Improved*  During  the 
addition  of  cesium  to  these  thicker  film  cathodes » 
the  thermionic  and  photoelectric  emission 
developed  in  a manner  similar  to  that  observed 
in  the  fabrication  of  massive  silver  cathodes  with 
good  infrared  sensitivity*  In  addition,  it  was  now 
possible  to  produce  consistently  good  Infrared 
sensitive  tubes  having  a photoelectric  emission 
maximum  between  900  and  950  rnyu^and  long  wavelength 
limits  greater  than  1200  syu 


From  the  experiments  it  was  not  evident  at 
this  point  whether  the  observed  results  were  due 
solely  to  the  change  in  the  silver  thickness,  or 
whether  there  was  an  associated  change  in  the 
aggregation  of  silver  which  influenced  the  oxidation 
process*  Sennet  and  Scott*  have  studied  the  effect 
of  the  silver  evaporation  rate  upon  the  structure 
of  silver  films*  In  their  experiments  a rate  of 
90A/»«c  for  a 1S0A  film  was  considered  a fast 
evaporation  rate,  and  a 21*5A/minute  rate  for  a 
U30A  film  a slow  rate.  Films  evaporated  at  high 
rates  contained  particles  whose  sisob  differed 
markedly  from  those  evaporated  at  low  rates*  In 
both  cases  particle  sizes  depended  on  the  amount 
evaporated*  Using  these  extreme  rates  as  a basis, 
an  evaporated  silver  cathode  was  prepared  with  a 
silver  film  half  the  thickness  used  in  preparing 
the  poor  tubes*  The  evaporation  time  for  this  film 
was  approximately  ten  hours  compared  to  the  15 
minutes  used  in  the  preparation  of  the  poor  tubes* 
The  cathode  characteristics  during  the  fabrication 
of  the  tube  were  normal,  and  a good  infrared- 
sensitive  surface  was  obtained.  The  photocathode 
so  prepared  was  semitransparent#  Thus  good  tubes 
could  toft  prepared  by  either  increasing  the  silver 
thickness  or  by  changing  the  rate  of  deposition  of 
the  silver  substrate. 


From  the  experiments  quoted  above,  and 


considering  the  difficulties  which  hare  been 
encountered  in  the  preparation  of  semitransparent 
cathodes  by  evaporating  eilvar  films  to  §0£ 
transmission  followed  by  oxidation  to  90£ 
transmission,  it  appears  that  the  silver  film 
structure  ana  the  subsequent  oxidation  step  may 
exert  a profound  effect  upon  the  final 
characteristics  of  the  photo  surface.  In  the 
poor  tubes  (i#e.  those  having  low  infrared  — ; 
sensitivity)  the  characteristic  absence  of 
appreciable  thermionic  emission  during  cesium 
addition  is  an  interesting  fact. 

'v.-.  The  experiments  described  above  were 
performed  on  photo cathodes  of  several  thousand 
angstroms  thickness,  far  beyond  the  critical 
thickness  at  which  the  merging  of  silver  grains 
takes  place.  It  would  be  of  interest  to  have 
experiments  at  hand  to  illustrate  the  changes  which 
occur  as  the  silver  film  thickness  increases  through 
the  critical  range*  Such  experiments  have  been 
performed  by  Morosov  and  Butslov’*.  They  first 
established,  by  means  of  auxiliary  measurements  on 
electrical  conductivity,  that  grain  contact  is 
established  in  passing  from  silver  films  containing 
7 aicrograms  of  silver  par-square  centimeter 
to  films  which  contain  l4/*g/cm  • If  the  void 
volume  were  sero  the  thickness  range  would  be  70 
to  110 A,  They  then  prepared  photocathodes 
on  silver  films  of  graded  thickness  which  covered 
the  range  from  7 to  14  Ag/cm^  and  beyond*  The 
spectral  response,  me asiired  at  a point  on  the  film 
containing  7 >Ug/car  of  silver,  had  a maximum  at 
450  mj>  wavelength  and  a,  low  infrared  sensitivity* 

At  Ik/bg/ cm* 'the  maximum  had  shifted  to  750 

and  the  infrared  sensitivity  was  greatly  Increased. 

A steady  gradation  occurred  in  the  Intermediate 
range*.  This  establishes  that  an  increase  in 
infrared  sinsitivity  accompanies  the  grain  merging 
process.-  JSorocov  and  Butslov31  state  that  beyond 
14  /ag/cmz  no  further  change  in  spectral  response 
takes  place*  In  view  of  the  experiments, 
previously  described,  on  thick  silver  films  we 
cannot,  of  course,  agree  that  this  is  generally  the 
case.  This  does  not  mean  that  the  results  of 
Morosov  and  Butslov  are  in  error*  In  fact  we  have 
repeated  their  experiment,  with  less  care,  and 
Obtained  similar  results,  although  the  results  are 
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mere  sensitive  to  processing  conditions  than  was 
indicated  by  theiu  There  are  probably  effects* 
One  sets  in  at  small  thicknesses  and  is  connected 
with  silver  grain  merging*  The  second  effect  mar 
occur  at  much  larger  thicknesses  depending  on  the 
manner  of  preparation  of  the  silver  base* 

#e  cannot  at  present  go  beyond  these  general 
statements.  Our  own  experiments,  on  photocathodes 
prepared  on  thick  evaporated  silver  films, 

, conclusively  demonstrate  that  the  preparation  and 
oxidation  of  the  silver  base  have  a decisive 
influence  on  infrared  sensitivity  of  the  finished 
photocathode*  It  was  recognized  from  the  very 
beginning  Of  the  research  that  this  might  be  so, 
but  a demonstration  was  obtained  only  in  the  final 
stages  of  the  investigation,  is  a result  it  now 
appears  that  still  further  investigation  of  the 
silver  evaporation  and  oxidation  would  be  worthwhile. 
Some  suggestions  for  further  study  are  described 
in  Section  5*0. 


5.0  DJ3CUSSI0N  OP  RESULTS. 

SUGGESTIONS  POR  FURTHER  WORK. 

• f •;*  . * ■ 

The  investigation  of  the  silver  oxidation  step 
Was  undertaken  partly  for  the  purpose  of  establishing 
methods  of  control  in  the  fabrication  of  photoeathodeu 
and  partly  In  the  hope  that  new  process  variables 
would  be  disclosed  which  might  help  to  account  for 
the  poor  reproducibility  encountered  in  the  preparation 
of  infrared-sensitive  cathodes.  The  control  methods 
adopted  are  not  very  different  from  those  employed  in 
the  industrial  manufacture  of  cathodes  and  have  been 
clearly  described  in  the  previous  text.  In  this 
concluding  section,  therefore,  attention  is  devoted 
to  the  description  of  those  variables  which  might 
reasonably  affect  the  finished  photocathode.  A brief 
appraisal  of  the  present  status  of  the  problem  is  also 
included,  together  with  some  suggestions  for  further 
work. 

In  considering  the  possible  factors  which  might 
Influence  the  finished  photocathode  it  is  Important 
td  distinguish  clearly  between  these  two:  <1;  the 
types  of  solid  phases  which  are  produced,  and  (2)  the 
particle  size  for  each  phase. 
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Attention  in  the  present  study,  has  been  devoted 
almost  entirely  to  the  first  of  these  factors.  In 
order  to  make  headway  on  phase  identification  it 
has  been  necessary  to  lay  aside  the  question  of 
particle  size  determination.  As  a result  we  hate 
only  qualitative  information  on  the  sizes  of 
oxidised  silver  particles.  The  x-ray  diffraction 
investigation  of  the  products  of  oxidation  .reveals • 1 
in  all  cases  an  x-ray  diffraction  lin^spectnsa^  . 

The  solids  are  therefox»e  crv3talline  and  have 
linear  dimensions  ppeater  than  100 A in  all  cases.  " 
^ven  this  conclusion  must,  however,  be  viewed  with 
some  caution.  Qrain  growth  may  occur  after  the 
sample  has  been  taken  for  x-ray  analysis.  For 
grain  contact  is  more  intimate  in  the  powder  sample 
scraped  from  a film  than  in  the  original  film,  and 
considerable  periods  of  time  usually  elapse  before 
x-ray  photographs  are  completed*  drain  growth  is 
undoubtedly  possible  under  these  conditions. 

This  Is  especially  true  for  thin  films  oxidised  in 
a dc  glow  discharge  since  the  particle  size  is  very 
small  In  the  film  before  sampling.  A case  has 
already  been  mentioned  in  which  grain  growth  of 
silver  particles  did  take  place.  In  ozone  oxidized 
films  the  particles  were  already  of  considerable 
else  before  the  sample  was  taken  so  subsequent  grain 
growth  is  probably  of  less  importance.  Finally  It 
must,  be  emphasized  that  in  the  dc  glow  discharge 
oxidized  films  the  samples  were  not  heated  above 
room  temperature . In  preparing  a photo c athode  the 
oxiaizea  film  is  heated  to  a high  temperature 
(ranging  from  150°C  to  190°C  depending  on  the  method 
of  preparation)  before  adding  cesium.  This  is  a step 
whi  ch  seoRJ3  certain  to  promote  grain  growth. 

If  the  objective  is  to  obtain  information  on  grain 
size  immediately  prior  to  cesium  addition  then  the 
oxidized  film  should  be  preheated.  This  has  not 
been  done  in  our  experiments.  Despite  the 

It  is  also  possible  that  grain  growth  may  occur  in 
the  original  film  on  standing  if  the  particles  are 
very  fine.  It  is  not  unusual  to  observe  changes 
with  time  of  electrical  conductivity  of  thin  silver 
films.  Such  behavior  has  been  repeatedly  reported 
by  other  investigators. 


uncertainty  which  arises  on  account  of  the  above 
factors  there  is,  nevertheless,  considerable 
information  available  on  particle  sizes  in  silver 
films  since  other  investigators  have  studied  this 
question*  There  ia,  moreover,  considerable 
evidence  which  indicates  that  particle  size  and 
size  distribution  in  the  original  silver  film 
can  influence  not  only  the  sizes  of  the  silver 
oxide  particles  produced  but  also  the  oxidation 
products.  Factors  (1)  and  (2)  above  are, 
therefore,  inter-related  in  a complicated  way* 
Before  returning  to  further  discussion  of  this 
point  a brief  summary  of  the  facts  is  in  order* 


As  far  as  the  type  of  solid  phase  is 
concerned,  the  thickness  of  silver  base  seems  to 
be  a variable  of  major  importance.  This  shows 
up  very  clearly  in  the  ozone  oxidation  of  silver 
films  of  graded  thickness.  It  also  appears  when 
we  contrast  the  products  obtained  on  the  oxidation 
of  silver  wires  with  the  dc  glow  discharge 
oxidation  of  thin  silver  films.  In  the  oxidation 
of  wires  the  supply  of  silver  is  never  exhausted, 
so  conditions  are  similar  to  those  which  prevail 
in  the  preparation  of  photocathodes  on  a massive 
silver  base.  It  is  found  that  Ag20,  and% 
phases  are  all  formed  with  Ag20  next  to  silver 
and  further  out.  In  the  case  of  thin  silver 

films  with  50$  transmission  oxidized  in  the  dc 
glow  discharge  to  90$  transmission  residual  silver 
is  found  in  the  oxidized  film.  There  is  no 
evidence  for  the  presence  of  either  Ag^O  or  ti 
solid  phases,  however.  Under  the  conditions  which 
we  have  used  for  oxidation  there  is  undoubtedly 
a difference,,  be  tween  the  solid  phases  produced  by 
oxidation  of  a massive  silver  base  and  a 50$ 
transmission  silver  film.  It  is  not  particularly 
surprising,  therefore,  that  the  final  photocathodes 
should  be  different,  although  the  precise 
mechanism  by  vnich  the  difference  arises  as  cesium 
is  added  to  form  the  photocathode  is  not  known* 

It  has  been  consistently  observed  in  our  preparation 
of  photocathodes  that  those  prepared  using  a massive 
silver  base  have  higher  infrared  sensitivity  than 
those  prepared  by  oxidizing  a 50$  transmission 
silver  film  to  90$  transmission.  This  statement 
applies  whether  the  thin  film' oxidation  was  performed 


using  an  rf  glow  discharge,  an  intermittent 
discharge  produced  by  repeated  discharge  of  a 
high  voltage  condenser,  or  a dc  glow  discharge. 
Judging  from  the  Commercially  manufactured 
photocathodes  which  we  have  tested,  both  massive 
and  semitransparent,  the  differences  between 
massive  and  thin  cathodes  which  we  obtain  are 
much  greater  than  are  normally  encountered  in 
the  commercial  fabrication.  This  occurs  despite 
an  attempt  on  our  part  to  follow  the  conmercial 
procedure*  The  massive  cathodes  which  wo  have 
prepared  by  carefully  controlled  methods  usually 
have  higher  infrared  sensitivity  than  the 
corresponding  commercial  product,  but  the 
semitransparent  cathode  has  a much  lower  infrared 
sensitivity  than  the  commercial  cathode.  This 
suggests  some  difference  in  our  processing  method 
from  that  used  in  commercial  practice,  but  thus 
far  we  have  not  found  the  reason  for  the  difference. 

As  was  emphasised  in  Section  4.5  the  thickness 
of  silver  base  can  affect  infrared  sensitivity  in 
two  way 8.  _The  first  is  connected  with  silver  grain 
merging  and  occurs  at  small  thicknesses.  The  second 
extends  to  much  greater  thicknesses  and  appears  to 
be  of  a different  character.  The  effect  of 
evaporation  rate  suggests  that  grain  size  rather 
than  grain  contact  is  a factor  in  the  second  case. 

A slow  evaporation  is  expected  to  result  in  larger 
grains.  The  fact  that  high  infrared  sensitivity 
is  thereby  obtained  is  certainly  suggestive. 
Confirmation  is  provided  by  the  fact  that  high 
infrared  sensitivity  is  invariably  obtained  in 
massive  cathodes  with  silver  sheet,  containing  very 
large  grains,  as  the  base. 

It  is  suggested  above  that  both  grain  contact 
and  grain  size  in  the  silver  film  have  an  influence 
on  the  resuTbTng  photocathode.  The  first  of  these 
seems  to  be  established  while  the  second  is 
tentative,  W©  now  consider  how  these  two  factors 
affect  the  oxidation  products.  It  has  been  amply 
demonstrated  that  the  nature  of  the  oxidation 
products  changes  markedly  on  passing  through  the 
region  in  which  grain  contact  is  established.  It 
is  also  possible,  however,  that  silver  grain  size 
mav  affect  the  oxidation  products  further,  even 
though  grain  contact  is  established.  This 


120 


possibility  arises  as  follows.  Investigation  of  the 
oxidation  of  silver  wire  indicates  that  oxidation 
pfoeOeda  most  rapidly  along  grain  boundaries  (see 
ref ♦ 1)  # Since  evaporated  silver  films  contain 
much  smaller  grains  than  massive  silver  wire  or 
•heat,  which  is  drawn  from  the  product  crystallising 
from  a melt,  It  follows  that  small  grains  are  quickly 
surrounded  and  oxidised  to  completion.  During  the 
Intermediate  stages  of  oxidation  of  a given  grain 
Several  lasers  probably  form,  A core  of  uaoxidized 
silver  is  expected  to  be  surrounded  by  a sheath  of 
AgoO  and  further  out  a eheath  of  t2.  If  the 
silver  supply  is  exhausted  then  AgjO  la  also  further 
oxidised  to  (fx,  tf2. - This  tentative  picture  suggests 
that  the  proportion  of  Ag20  depends  on  silver  grain 
alee  even  though  grain  contact  is  established.  It 
would  be  of  considerable  interest  to  extend  the 
x-ray  investigation  to  thick  evaporated  silver  films 
in  order  to  test  this  point.  No  new  techniques  are 
required  for  this  investigation.  The  suggestion 
that  silver  grain  size  may  control  the  nature  of 
the  oxidation  products  seems  to  us  worthy  of  further 
study,  for  it  is  certainly  true  that  two  oxidised 
surfaces  which  contain  chemicals  of  widely  different 
properties  dust  prior  to  the  addition  of  cesium 
cannot  with  any  certainty  be  expected  to  contain  the 
same  oxides  of  cesium  after  processing  is  finished. 
This  is  especially  true  since  Ag£0  is  a much  weaker 
oxidising  agent  than  either  or  Moreover^ 
eight  different  cesium  oxides  are  known  so  final  ^ 
product  is  by  no  means  assured. 

In  the  above  discussion  the  nature  of  the 
oxidation  product  has  been  emphasised.  The  particle 
sise  of  the  oxidation  product  just  before  cesium 
must  also  be  considered.  Here  we  have  so  little 
information  that  no  conclusions  can  be  drawn.  In 
yiew  of  the  remarkable  effect  of  silver  grain.. 
isolation  on  the  products  of  oxidation  it  certainly 
seems  necessary  to  investigate  the  particle  size 
before  cesium  addition.  There  seems,  however,  to 
be  little  point  to  speculation  on  the  probable 
outcome  until  experimental  data  have  been 
accumulated. 

In  our  past  thinking  we  have  usually  assumed 
implicitly  that  impurities  arising,  e.g.  from 
vacuum  pumps  or  traps,  could  affect  a photocathode 
because  adsorption  on  or  reaction  with  the  surface 


brought  about  & change  In  work  function*  This 
conception  assumes  that  a vary  small  amount  of 
.inpurity  affects  the  photocathode  after  it  has 
at gate  MS&.  £SSB&X3&>  '•**»•■  nucleati^ concept, 
discussed  in  connection  with  silver  oxidation, 
leads  us  to  ask.  however,  whether  an  equally  email 
amount  of  impurity  might  affect  the  photooathode 
by  acting  during  the  very  first  step  lh  the  " ^ 
preparation,  namely  the  silver  evaporation*  An 
impurity  might  influence  the  course  of  subsequent 
chemical  reaction  if  nucleation  le  involved* 

This  suggestion  opens  up  3ome  distinctly  unpleasant 
possibilities*  It  should  be  possible,  however, 
to  experimentally  test  this  point  by  studying  the 
influence  of  impurities  which  might  be  added  to 
the  silver  before  evaporation,  evaporated  on  to 
the  substrate  before  silver  evaporation,  or 
added  in  gaseous  form  to  the  vacuum  chamber  in 
which  evaporation  takes  place.  A deliberate 
program  of  investigation  whose  purpose  is  alteration 
of  the  silver  base  would  be  of  considerable  interest 
Preheat  treatment  of  the  silver  base  both  before 
and  after  oxidation  would  also  be  of  interest  and 
a more  systematic  study  of  process  variables  in  the 
glow  discharge  oxidation,  particularly  the  pressure, 
might  well  be  included. 

There  is  apparently  no  lack  of  possibilities 
for  investigation*  The  only  question  is  whether 
the  possibilities  show  sufficient  promise  to  make 
the  investigation  worthwhile.  It  appears  to  us  that 
further  study  of  the  silver  base  shows  promise*  In 
other  cases  the  situation  is  not  sufficiently  clear 
to  permit  a definite  statement. 
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APPENDIX  I 

OXYGEN  PRESSURE  MEASUREMENT 


In  the  experimental  investigation  of  the 
preparation  of  the  S-l  photo surface  it  was 
necessary  to  be  able  to  measure  rather  small 
differences  in  pressure  in  the  range  from  0«1 
to  1*0  mm  Hg.  The  pressure  measurements  were 
performed  using  two  micro  Pirani  gauge  tubes 
designed  by  Dr.  3.  Naiditch  while  working  for 
The  Ohio  State  University  Research  Foundation. 
Since  the  gauge  units  developed  have  proven 
very  satisfactory  it  seemed  desirable  to  describe 
the  two  systems  in  detail.  The  micro  Pirani 
gauges  for  vacuum  systems  I and  II  are  described 
in  the  following  sections  A and  B respectively. 


A.  MICRO  PIRANI  GAUGE  FOR 
VACUUM  SYSTEM  I 

The  construction  of  the  micro  Pirani  gauge 
tube.0  which  were  used  in  the  pressure  measurements 
is  shown  in  Fig,  15.  These  gauge  tubes  are  quite 
stable  over  long  periods  of  time  in  the  measurement 
of  oxygen  pressure  in  the  range  0.1  to  1*0  mm  Hg. 

To  reduce  the  temperature  fluctuations  of  the 
Pirani  tubes  they  were  surrounded  by  a Dewar 
after  being  attached  to  the  vacuum  system. 

In  vacuum  system  I the  pressure  was  measured 
using  the  unbalanced  Wheatstone  bridge  circuit  shown 
in  Fig.  16.  The  procedure  followed  in  the  use  of 
this  gauge  was  as  follows:  The  bridge  is  initially 

balanced  with  the  500-ohm  Helipot  to  give  no 
galvanometer  deflection  with  the  open  Pirani  tube 
at  atmospheric  pressure  and  the  galvanometer  shunt 
potentiometer  in  the  high  sensitivity  position. 

After  balancing  the  bridge,  the  100-ohra  Bhunt 
shifted  to  the  low  sensitivity  position  and  the 
Pirani  tube  is  evacuated.  After  Introducing  oxygen 
to  a pressure  greater  than  0.5  mm  Hg  the  100-ohm 
shunt  is  shifted  to  the  high  sensitivity  position 
and  th*  galvanometer  deflection  used  to  determine 
the  pressure* 

This  Pirani  gauge  was  calibrated  using  an 
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octoil-S  manometer  for  which  1 ram  Hg  was 
equivalent  to  14*9  mm  of  oil.  Two  sets  of 
calibrations  for  this  gauge  are  shown  in  Pig.  17* 
Front  the  data  it  is  evident  that  in  the  period 
from  August  11,  1950  to  February  25,  1952  there 
was  no  significant  change  in  the  calibrations. 
For  the  pressure  range  from  0.3  to  3*0  Ma  Hg  the 
calibration  curve  is  well  represented  by  the 

equation  '“-'iA'W 

8 X *G*926*  23.7 

where  S is  the  galvanometer  deflection  in 
centimeter  and  P the  pressure  in  am 


The  principal  source  of  error  in  this 
gauge  unit  arises, from  the  method  of  calibration. 

It  is  probable  that  the  absolute  pressure  could;  ^ 
be  in  error  by  as  such  as  0.05  mm  Hg.  However, 
the  measured  quantity  of  interest  is  the  difference 
in  oxygen  pressure,  and  this  should  be  accurate  '■ 
to  approximately  5 microns. 


B.  MICRO  PXHANI  GAUGE  FOR 

VACUUM  ST3TEH  II  ‘ 

For  the  tracer  photo surface  composition  study 
it  was  desirable  to  measure  the  oxygen  deposited 
during  the  oxidation  as  precisely  as  possible* 
Therefore,  a more  precise  system  for  using  the 
micro  Pirani  tubeo  was  developed . 


The  circuit  consisted  of  a balanced  Wheatstone 
bridge  eireuit  as  shown  in  Fig.  18.  The  variation 
of  the  micro  Pirani  sensitivity  with  the  input 
voltage  to  the  bridge  is  shown  in  Fig.  19.  The 
deviation  of  the  2,0  volt  curve  from  the  family 
may  be  due  to  experimental  error.  The  gauge 
voltage  chosen  for  routine  operation  was  3*0  volts* 
In  operation  the  gauge  has  a sensitivity  of  1.7  cm 

S&lranometer  deflection  per  micron  at  1 meter  aeale 
Istanee  for  the  pressure  range  0.6  to  0.9  nm  Hg, 
and  approximately  6 cm  per  micron  for  the  range 
0.4  to  0.6  mm  Hg.  In  actual  operation  the 
galvanometer  was  used  as  a null  instrument  and 
readings  were  taken  from  Helipots  in  the  lower 
left  arm  of  the  bridge  as  shown  in  Fig,  18, 

These  readings  are  used  on  axis  in  Fig.  19  and 
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The  sensitivity  of  the  gauge  can  be  increased 
by  placing  the  tubes  in  a liquid-air  bath  but  this 
marked  Increase  did  not  seem  necessary.  The  gauge 
was  actually  calibrated  at  each  tube  fabrication, 
and  slight  temperature  fluctuations  had  no  great 
effect*  The  calibration  of  a fixed  ohm  point 
at  several  temperatures  is  shown  in  Pig.  20  and 
several  calibration  curves  at  different  temperatures 
are  shown  in  Pig#  21,  The  numbers  at  the  points 
indicate  the  date  and  phototube 0 number. 


The  resistors  shown  in  the  bottom-left  arm 
of  the  bridge  in  Pig,  Id  were  KeXipots.  The 
1000-ohm  resistance  was  set  every  10  ohms  and  the 
10-ohm  Helipot  was  read  to  0,01  ohm  but  was  stable 
to  only  0.1  ohm.  The  1000-ohm  resistor  at  the  __  _ 
bottom  of  the  bridge  could  be  switched  in  or  out 
of  the  circuit  to  change  the  range  of  the  gauge. 

Por  this  work  the  resistor  was  always  in  the  circuit# 


The  gauge  was  calibrated  as  follows,  referring 
to  Pig#  22  of  the  vacuum  system# 


An  absolute  pressure  point  was  obtained  by 
introducing  dry  oxygen  through  the  tower  into  both 
the  manometer  and  the  micro  Pirani  calibration  bulb. 
Por  Fig.  22  this  means  that  stopcocks  (1,  2,  At  5) 
are  closed  and  (3,  6,  7,  S,  9,  10)  are  open.  After 
adjusting  the  pressure  to  10  - 11  cm  Hg  the  stopcocks 
(3,  6,  7,  d,  10)  are  closed.  The  micro  Pirani 
calibration  bulb  volume  was  measured  using  mercury 
and  was  found  to  be  Id.Olnw  including  stopcock  (3)# 

Stopcocks  (1,  k)  were  opened  and  the  system 
evacuated.  After  complete  evacuation  stopcock  (1) 
was  closed.  Stopcock  (3)  was  now  opened  and  the 
ld.03/w»l»  of  oxygen  at  the  original  pressure  (rwll  cm  Hg) 
was  released  into  the  system  which  included  the 
approximately  2-liter  bulb  and  the  bulb  for  volume 
determination,  but  not  the  manometer.  The  actual 
volume  of  the  two  liter  bulb  was  2075.6**$,  Prom 
the  Initial  volume  and  pressure  and  the  final 
volume,  the  final  pressure  may  be  calculated#  The 
micro  rirani  is  read  at  this  point  and  the  calculated 
pressure  is  assigned  this  ohm  reading. 

Stopcocks  (3,  9)  are  now  closed  and  stopcock 

(2)  is  opened,  thus  evacuating  the  micro  Pirani 
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FIGURE  17 

Vacuum  System  I Micropirani  Gauge 
Calibration 
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Galvanometer  Deflection -S  (cm.) 


FIG.  18  VACUUM  SYSTEM  IT  MICRO  PIRANI 
GAUGE  CIRCUIT 


FIGURE  20 

Micropirani  IE  Calibrations  as  a Function  of  the  Ambient  — 

Temperature 
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FIGURE  21 

Micro-pirani  - 31  Calibration  Curves 
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~ - APPENDIX  II 

DESCRIPTION  OF  MICROSTRUCTURE  AND  OPTICAL 
PROPERTIES  OF  OZONE  OXIDIZED  FILMS 

y.  ..  . • 

- risevLc-.'.-sJi-.r  • . ...  • * 

The  results  of  the  microscopic  examination  of 
the  films  may  be  summarised  by  describing  the 
variation  in  micro strucsture  of  oxide  as  a function 
of  thickness.  In  the  discussion  of  the  individual 
samples  the  terminology  "blister  oxide"  describes 
a black  oxide  film  which  formed  afe  a blister  with 
a continuous  microstructure.  The;  "granular  oxide" 
corresponds  to  black  oxide  grains  which  usually 
have  a roughly  spherical  shape  and  are  separated 
by  voids  of  appreciable  size  compared  to  the  particle 
size.  The  "continuous  film"  refers  to  a structure 
observed  in  the  thin  portion  of  an  oxidized  slide 
and  which  consisted  of  an  unoxidized  silver  film 
more  or  less  bonded  to  the  glass  substrate.  The 
small  oxide  particle  which  at  4A0X  apparently 
rested  on  the  continuous  film  actually  may  not  have 
made  contact  with  it.  The  microstructure  around 
an  oxide  particle  on  the  continuous  film  could  not 
be  resolved  at  magnifications  of  600X  or  less. 
Microscopic  examination  of  the  silver  films  before 
oxidation  revealed  a continuous  silver  film  having 
no  marked  micro structure. 

Age  saps  paUqnHr?^£P. 
oxidation. Region  0-0.8  consists  of  a blister 
oxide  on  top  of  small  isolated  oxide  grams.  Region 
0,8  - 1.3  is  a "lace-like"  granular  oxide  with 
large  Voids  and  relatively  high  transmission. 

Region  1.2  - 1.6  is  a semicontinuous  oxide  film 
with  rather  few  voids.  Region  2.0  - 7.0  is  a 
continuous  film  with  oxide  granules  dispersed 
on  the  surface.  These  oxide  granules  decrease 
in  sise  and  number  per  unit  area  with  decreasing 
wedge  thickness. 

__Film  B.  (25-minute  Ag  evaporation.  28°C 
oxidatiopiJ  • Region  0-1  consists  of  the  .blister 
oxiae  on  top  of  small  isolated  oxide  grains.  From 
1,0  to  2.5,  granular  spheroidal-shaped  oxide 
particles  with  decreasing  size  as  the  film  thickness 
decreases,  void  area  small.  From  2.5  on,  fine 
particles  at  90X  with  relatively  large  voids.  , 


From  5*0  to  3.0  the  particle  else  of  the  oxide 
grains  which  rest  on  a thin  silver  film  is 
invariant  (4401)  but  the  number  per  unit  area 
decreases  as  the  silver  film  thickness  decreases* 


m a g.. 

ti0B? . 


4 


on 


to  1 consists  of  the  blister 


le  on  top  of  a granular  oxide  with  background 
of  minute  oxide  particles.  From  1 to  2 the  film 
consists  of  small  uniform  granules  with  appreciable 
void  volume#  At  2.0  the  film  becomes  continuous 
with  small  aggregates  of  oxide  present  on  the 
surface.  From  2.5  to  3.5  there  are  small  isolated 
islands  of  blaek  oxide  plus  a uniform  distribution 
of  small  grains  on  top  of  a silver  film.  From 
4.0  to  3.0  small  oxide  particles  (4401)  are 
distributedi  on  a silver  film  substrate. 


large  number  of  very  small  particles  dispersed 
between  the  granules.  From  1 to  2 the  structure 
consists  of  close-packed  uniformly  sized  spherical 
grains,  the  eiaes  of  which  decrease  ae  the  wedge 
thickness  decreases.  From  2.5  to  3.0  there  le  a 
continuous  film  substrate  for  the  email  (4401) 
oxide  particles.  The  particles  appear  to  be  more 
closely  pakced  than  in  Film  C. 


the  else  of  the  granules  decreases  with  rather 
large  voids  relative  to  the  particle  size.  From 
3 to  4 the  aamll  particles  are  close-packed  while 
beyond  4 the^particles  are  dispersed  on  a continuous 
film  and  have  a rather  small  uniform  particle  else  -- 
at  440X. 


fiX 


Zj^mlnute  Ag  evaporation.  U0°C 
From  0 to  3*0  the  film  consists  of 


oxide  granules  which  decrease  in  else  as  the  thickness 
of  the  silver  decreases.  From  3 #5  to  3.0  the  film 
appears  to  consist  of  a continuous  silver  film  with 
small  (4401)  spheroids  of  oxide  resting  on  a 
continuous  film. 
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sximkmL*  to  _ 

conttimoua  fila  starts  at  4*0* 


evaporatloH.  . 
but  fins  particles  on 


_ mmswp 

continuous  fils  start  at  4.0.  The  particle  also ; 
uniformly  decreases  from  0 to  4.0  with  a narrow 
sise  distribution  at  each  segment  across  the  dlide* 
The  void  volume  0 to  4.0  is  rather  small. 

200°C 
"lenSEh  of 
silver  film  at 
the  thin  section  could  not  be  definitely  established 
at  44<3X.  The  eise  of  the  granules  decreases 
regularly  as  the  thickness  of  the  initial  silver 
wedge  decreases. 


,JPj5 rminujL%  AiL.f»t§PPratipnt  , 2^°C 
cyidati  j) . For  the  thick  silver  region  of  this 
slide  [4  5*  I1)  the  surface  was  characterised  by  the 
formation  of  a thin  blister  oxide  which  peeled  and 
thus  exposed  a fresh  silver  surface  to  the  0? 
which  then  in  turn  oxidised  and  peeled.  The  adhesion 
of  the  oxide  to  the  silver  was  poor,  and  after 
oxidation  a thick  silver  film  remained  at  the  thick 
end.  In  the  intermediate  region  the  oxide  structure 
changed  to  a granular  "lace-like"  network  of  oxide 
grains.  In  the  thinnest  portion  of  the  surface  the 
oxide  grains  were  rather  closa-packed  and  very  email. 
There  was  no  evidence  of  a continuous  f ' lm,  and 
oxidation  appeared  to  have  occurred  over  the  entire 
surface  of  the  silver  film.  Depending  upon  the  oxide 
structure  present,  there  is  a systematic  variation 
in  the  transmission,  tha  "lace-like"  regions  being 
the  highest,  the  granular  oxide  in  the  thin  regions 
next , and  the. blister  oxide  regions  are  opaque. 

The  mlcrostruoture  of  the  films  ic  correlated 
with  the  variation  in  the  transmission  of  the  wedge 
with  wavelength  and  distance  along  the  wedge.  The 
transmission  for  the  rather  coarse  granular  oxide 
at  the  thick  portion  of  the  film  is  independent  of 
the  wavelength,  the  transmission  being  a measure 
of  the  void  area.  When  the  coarse  grain  structure 
changes  to  a semicontlnucus  film  with  email  black 
oxide  granules,  the  transmission  tends  to  Increase 
with  increasing  wavelength  for  the  range  600  to 


136 


IOOCWma  The  actual  fora  of  the  curve  depends 
upon  tne  structure  and  distribution  of  the  oxide 
grains  on  the  surface.  In  the  cases  where  the 
transmission  increases  with  wavelength  for  the 
very  granular  portion  of  the  film  (0  - 2*0  cm) 
there  are  very  small  oxide  particles  dispersed 
between  the  large  grains.  In  the  transmission 
versus  thickness  curves  of  Figs.  10.  11,-  and  12 
the  maxima  and  minima  in  the  transmission  between 
0 and  3.0  are  related  to  the  changes  in  the  ... 
stricture  and  packing  of  progressively  small-size 
oxide  grains.  The  optical  properties  beyond 
3.0,  however,  depend  upon  the  amount  and 
distribution  of  residual  silver  as  well  as  the 
size  and  distribution  of  oxide  grains. 

The  transmission  data  indicate  that  5O0t 
transmission  silver  may  be  ozone  oxidized  at  room 
temperature  and  100°C  to  give  films  with  909* 
transmission.  Films  oxidized  at  temperatures 
above  100°C  showed  less  than  90JI  transmission 
at  the  region  originally  showing  509*  transmission. 
However,  since  the  variation  in  the  transmission 
of  the  film  during  the  oxidation  was  not  studied, 
it  cannot  be  definitely  stated  that  silver  cannot 
be  oxidized  from  50  to  90  percent  transmission 
at  the  higher  temperatures. 


I 


APPENDIX  III 

' *; 

MICROSTRUCTURE  OP  RF  OXIDIZED  FILMS 


It  has  been  reported  by  Borsiak  and  Morgulis^ 
That  a glow-discharge  oxidised  silver  wedge  formed 
on  a glass  substrate  exhibits  several  maxima  and 
minima  in  the  reflection  coefficient  (\-  800 wyj 
with  increasing  thickness  of  the  wedge.  Their  film 
exhibited  a completely  clear  interference  picture 
corresponding  to  lines  of  equal  thickness.  To  obtain 
a verification  of  these  results  a tube  was  prepared 
in  which  a silver  bead  was  evaporated  from  a central 
electrode  to  give  a wedge-shaped  cylindrical  silver 
deposit  on  the  tube  wall  which  was  thickest  opposite 
the  silver  bead  and  thinnest  at  the  remote  end  of 
the  tube.  The  silver  was  deposited  in  15  seconds 
with  the  pressure  in  the  eyetem  less  than 
2 x 10*"®  ram  Hg, 

After  introducing  oxygen  into  the  system  to 
P02  3 0.705  an  Hg,  grounding  the  anode,  and  placing 
a cylindrical  aluminum  foil  electrode  around  the 
tube,  the  rf  generator  was  turned  on  and  the  film 
oxidised  to  Pp2*°*365  ram  Hg.  In  the  thin  film 
region  the  silver  appeared  to  have  been  completely 
oxidised,  but  the  region  hear  the  oxidised  Ag  - 
massive  Ag  boundary  showed  very  brilliant  colors 
by  reflected  light*  More  oxygen  was  introduced 
to  give  P02» 0.880  ram  Hg  and  the  film  further 
oxidised  to  Po2  * 0.610  mm  Hg.  At  this  point  the 
silver  had  been  oxidised  so  that  the  demarcation 
between  oxide  - Ag  was  opposite  the  Ag  bead. 

After  evacuation,  the  tube  was  tipped  off  the 
vacuum  system. 

By  reflected  light  the  film  showed  a pattern 
of  circular  bands  the  colors  of  which  varied  with 
the  distance  from  the  silver  bead  level.  A 
schematic  diagram  of  the  variation  of  visual 
transmittance  as  a function  of  wedge  thickness  is 
shown  in  Fig,  13.  The  colors  observed  by 
reflection  and  transmission  at  the  various 
numbered  points  of  Fig.  13  are  given  in  Table  XXXI* 
No  pronounced  spectrum  was  observed  by  reflection 
from  the  air-oxide  interface* 

- J-Y-i  • ' 
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FIGURE  13 

Relative  Transmission  Versus  Distance  from  Massive  Unoxidized  Silver 

(Schematic) 


t 


Bxamination  of  the  film  at  9QX  with  transmitted 
light  showed  that  it  consisted  of  a yellow  transparent 
matrix  in  which  were  embedded  minute  particles  of 
■one  material  (possibly  Ag) . The  density  of  small  '7 
particles  was  greatest  in  the  regions  of  minimum 
transmission  (Fig.  13)  and  least  in  the  regions 
of  maximum  transmission.  Careful  microscopic 
examination  at  10CX  of  the  yellow  transparent  regions 
near  the  massive  silver  demonstrated  that  the 
partioles  in  the  yellow  matrix  are  uniformly  distributed 
in  depth.  The  sise  of  the  particles  decreased  in  the 
. order  of  region  2,  4,  6,  8.  Individual  particles  could 
not  be  resolved  in  region  10  and  beyond. 

Since  the  colors  of  the  surface  are  not  very 
dependent  upon  the  angle  of  incidence  of  the  light, 
it  is  probable  that  the  optical  properties  are  related 
to  a light  absorption  and  scattering  process.  It  is 
indicated  in  Part  II  of  this  report  series  that  the 
oxide  surface  formed  by  oxidation  of  silver  from 
50  to  90jt  transmission  exhibits  a yellow  color.  From 
the  data  it  is  evident  that  the  relationship  between 
color  changes  accompanying  the  rf  oxidation  and  the 
thickness  of  the  oxide  film  is  not  a simple  one.  It 
is  possible  that  the  color  changes  are  a measure  of 
the* distribution  of  small  particles  in  the  oxide  film 
and  not  really  a measure  of  the  film  thickness  in  the 
sense  of  the  conventional  interpretation  of  interference 
colors.  Definitely,  the  optical  properties  of  an 

r£  oxidiggd  Xii S 12  SM  silver 

surface  structure . An  x-ray  diffraction  characterisation 
of  this  type  of  rf  oxide  surface  would  undoubtedly 
provide  information  of  value  to  the  understanding  of 
the  oxidation  mechanism. 
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